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ABSTRACT 

The advantages of p l a t in i zed  carbon c l o t h  aux i l i a ry  e lec t rodes  are 
enumerated and discussed b r i e f l y .  . 

To i l l u s t r a t e  hDw these e lec t rodes  perform i n  hermetical ly  sealed nickel /  
cadmium c e l l s ,  results are  given f o r  a s e r i e s  of t e s t s  i n  wMch a c e l l  made with 
a Gulton VO7 e lectrode pack, a VCB Black aux i l i a ry  i n  the  s ide  posi t ion,  and 20 
m l  of 30% KOH e l ec t ro ly t e  w a s  charged a t  room temperature a t  f i v e  r a t e s  i n  the  
range C/10 t o  5 C .  
there  i s  wide freedom of choice i n  se l ec t ing  the  automatic cut-off input i n  the  
c r i t i c a l  range of 100% t o  150% charge. Adequate overchargipg i s  thus rea l ized .  

The shape of the  s ignal ing voltage vs .  % charge curve i s  good: 

Signalipg voltage as a func t ion  of pressure i s  near ly  icdependent of 
charging rate. 
0.7, input depends mainly upon the e lec t rode  pack's c h a r a c t e r i s t i c  02 pressure 
build-up as a function of % charge, and input achieved i s  roughly independent 
of charging r a t e  except a t  very l o w  r a t e s ,  such as C/10, where the  increase i n  
02 pressure i s  delayed. 

In consequence, f o r  a se lec ted  cut-off voltage,  say, 0.6 or 

Even a t  the  5C r a t e  l i t t l e  or no w a s  evolved on the aux i l i a ry  e lec t rode ,  
and i n  any event there  w a s  no permanent increase i n  background pressure.  

Auxiliary electrode performance depends upon the  state of charge of t he  
c e l l  : the  auxi l ia ry  de l ivers  l e s s  power as charging proceeds. It is  
hypothesized t h a t  t h i s  e f f e c t  i s  due t o  water l i b e r a t e d  by the  ac t ive  
mater ia l s  during charging, the  aux i l i a ry  i n  the s ide  p o s i t i m  being sens i t i ve  
t o  quant i ty  of e l ec t ro ly t e .  
considerat ion,  the shape of the  s ignal ing vol tage vs. % input curve i s  much 
b e t t e r  than it would be i f  auxiliary performance remained constant from the  

A s  a r e s u l t ,  somewhat paradoxical ly  a t  f i r s t  

s tar t  of charge. 

L 
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P h i l i p  F. Grieger 
Primary Battery Division 

McGraw Edison Company 
Bloomfield, New Jersey 

Introduction 

The use of carbonized c lo ths  e lec t ropla ted  with platinum as  aux i l i a ry  
e lec t rodes  f o r  use i n  nickel/cadmim c e l l s  -- now being invest igated under 
contract  with the United S ta tes  Army Elec t ronics  Command ( R e f .  0) -- was 
expounded a t  t he  19th  Power Sources Conference i n  At lan t ic  City,  Mew JFrsPy, 
May 1.9, 1965 (Ref. 5 ) .  
concerned: (1) the Jaffe invention (Ref. 6),  which formed the i n i t i a l  S a s i s  
f o r  the present pro jec t  work, ( 2 )  preliminary experiments desigicd t o  compare 
a va r i e ty  of p l a t ig i zed  subs t ra tes ,  asld (3) the  plan of the  Main Experiment 
(designed t o  t es t  orie kind of plat inized cloth,  i n  two posi t ion,  ir, two kicds 
of nickel/cadmium c e l l s ,  under a wide rayge of chargipg conditions with 
respect  t o  rate and temperature). 
p resent ly  being obtained but  because a complete analysis  of the f indi2gs has 
not y e t  beel? made, it would be premature t o  discuss t h i s  expr imea t  a t  present .  
Instead, r e s u l t s  obtained with j u s t  one c e l l  a t  room temperature, when charged 
a t  a wide range of r a t e s ,  w i l l  be discussed. The observations a re  recent ,  and 
some of t he  questions ra i sed  by them remain t o  be s e t t l e d  by fu ture  experi-  
mentation, bu t  it is  hoped t h a t  t h i s  subject  matter w i l l  be he lpfu l  t o  t h e  
members of t h e  IAPG. Before considering the  r e s u l t s  i g  question, however, it 
may be of interest  -- i n  view o f  the many propr ie ta ry  mater ia ls  now avai lable  
as a r e s u l t  of f u e l  c e l l  research -- t o  itemize the  reasom f o r  i nves t iga t i rg  
p l a t in i zed  carbon c l o t h  aux i l i a ry  electrodes.  

That paper (appearing as sec t ion  2 i n  t h i s  publ ica t ion)  

Results of the Main Experiment a re  

Advantage s 

First ,  they a re  unbreakable. Certain fuel. c e l l  e lectrodes a re  more or 
less crumbly, and pieces might dislodge from t h e i r  edges as  a result of the 
t reatment  t h e  c e l l s  receive i n  use -- thereby givillg rise t G  t he  darger of 
s h o r t s  

Second, they can be cut i n t o  any shape, t i g h t l y  folded (Ref, L ,  page 41), 
and ro l l ed .  These proper t ies  make such aux i l i a ry  electrodes,  (1:1 easy t o  
incorporate  i n  c e l l s  of any shape, ( 2 )  su i t ab le  f o r  i n s t a l l a t i o n  i y  waste 
space of t he  c e l l .  

*T9ird, they a re  l i g h t  weight, approxi.mately 0.2 gram per  square i x h - ,  
and t h i n  ( R e f .  1, page 46). For example, one l aye r  of V C W  p la ted  with black 

* Carbon as opposed t o  graphite cloth. National Garbor Co., fou r th  refereace 
i n  Ref. ( 5 ) .  

1-1. 
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platinum plus  two l aye r s  of su i t ab le  separator  mater ia l  were found t o  have a 
thickness  of only 0.031 i r c h  when compressed dry between two sheets  of Lucite 
(Ref. 4, page l3)* 
aux i l i a ry  electrodes add only a negl ig ib le  mount t o  t h e  weight, and nothing 
or a negl ig ib le  amount, t o  t he  volume. 

When i n s t a l l e d  i n  hermetical ly  sealed c e l l s  these 

Fourth, they require  no waterproofing t r e a t m n t :  on the contrary they 
absorb and immobilize e l ec t ro ly t e .  TI? consequence, they s u f f e r  na change i n  
electrochemical performaxe as a r e s u l t  of de t e r io ra t ion  of waterproofing 
agent due t o  a t tack  by the  c e l l  electrolyt,e.  Moreover, because they absorb 
e l e c t r o l y t e  they can be used ic mult i layer  assemblies without i n t e rpos i t i on  
of e l e c t r o l y t e  absorbent separators+ (Ref. 4, page 1 4 ) *  

F i f t h ,  being prepared by e lec t rodepos i t ion  ins tead  of impregnation, 
compaction, or some o ther  means, r e p l i e a b i l i t y  i n  making them can be 
cont ro l led  within narrow l i m i t s  ( R e f .  4, page 9, wi th  da ta  summarized on 
page 35).  
charac te r i s t ics*+,  it was found t h a t  performance w a s  independent of p l a t ing  
order (Ref. 2, pages 68 and 69; Ref. 3, pages 9, 29 and 38). 

Moreover, with respect  t o  r e p l i e a b i l i t y  of i n t r i n s i c  02 reduction 

Sixth,  these aux i l i a ry  e lec t rodes  exh ib i t  good reproducib i l i ty  of 
performance when a given piece i s  t z s t e d  successively,  and t h i s  repea tab i l -  
i t y  a t  room temperature i s  not s i g n i f i c a n t l y  a f fec ted  by continuous operat ion 
or exposure t o  -400F (Ref. 5, pages 8 and 9; R e f .  1, pages 76 and 77). 

Seventh, the po la r i za t ion  curves (which govern the  s ignal ing power i n  
the presence of 02, c . f .  R e f .  5, page 3)  a re  s t rongly  dependent upon 02 
pressure (Ref. 5, page 8 including Table 11; a l s o  Ref. 1, pages 59 through 
64, pages 69, 70 and 71). 
res i s tance ,  and the  proper choice of a u x i l i a r y  e lec t rode  s i z e  -- f o r  t he  
present  e lectrodes t h i s  s i z e  i s  conveniect (on the  order of 1 square inch) ,  
being ne i the r  impracticably s m a l l  nor la rge  -- signal ing power increases  
s t ronxly  w i t h  increase i n  O2 pressure (Ref. 1, pages 68 and 77), and hence, 
charging can be r e l i a b l y  terminated a f t e r  the  c e l l  has received an adequate 
overcharge. 
staridpoint of good b a t t e r y  managempnt. I f  t he  a u x i l i a r y  e lec t rode  
automatically c u t s  off charging when 02 begins t o  be evolved from the  n icke l  
e lec t rode ,  the  c e l l  may function. f a i r l y  s a t i s f a c t o r i l y  a t  f i rs t ,  but  
eventual ly  capacity ( o f  t he  Eickel e l ec t rode )  w i l l  su f f e r .  

With the proper choice of s igna l ing  c i r c u i t  

This a b i l i t y  i s  considered t o  be extremely importartt from the  

f Compare the  wick-electrode s t ruc tu re  taught  by Zaffe (Ref. 6, h i s  Fig.  4 )  
who used a nonabsorbent aux i l i a ry  e lec t rode  material, i. e .  , perfora ted  
pal ladi lm f o i l  

f *  As revealed when a group of e lec t rodes  i s  compared i n  a given way, f o r  
examplp, as i n  the PrFlimirary Experiments of t h i s  p ro jec t  (Fef.  5, 
page 7,  a i s o  R t ' f .  I ,  page 19). 

1.-2 
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Eighth, t he  present  aux i l i a ry  e lec t rodes  when soaked with 30% KOB 
e l ec t ro ly t e ,  catalyze the  + plus O2 r eac t ion  (Ref. 3,  page 16) a t  a safe  
and convenient rate. 
during the  e a r l y  s tages  of charging (Ref. 2, page 14) w i l l  be consumed once 
O2 has been evolved from the  nickel  e lec t rode .  
of considerable experience+ t h a t  the dangers of an explosive €I9 plus O2 
reac t ion  are not increased by putting a p l a t in i zed  carbon c l o t h  aux i l i a ry  
e lec t rode  i n t o  a hermetical ly  sealed c e l l o  

Therefore any s m a i l  amount of % t h a t  might be evolved 

It i s  bel ieved as the  r e s u l t  

Ninth, these aux i l i a ry  electrodes are rel.ative1.y inexpensive : 1 square 
inch of VCB c l o t h  (prefer red  subs t r a t e )  cos ts  only about 2 cents ,  even when 
purchased i n  small quac t i t i e s ;  on t h i s  much c l o t h  t h e  prefer red  p l a t in i z ing  
procedure deposi ts  about 40 milligrams of platinum ( R e f .  4, page 35), which 
has a value of about 1 2  cents  a t  current pr ices .  

Tenth, e l ec t ron ic  conr,ection t o  these  e lec t rodes  i s  r ead i ly  made by 
l i g h t l y  pressing them i n  contact  with a me ta l l i c  cur ren t  t a p  (e .g . ,  a.icke1, 
n i cke l  p la ted  s t e e l ,  or s t e e l ) .  

Make-up of T e s t  C e l l  

Ce l l  No. 10, made using a Gulton VO7 e lectrode pack and can, a VCB Black 
a u x i l i a r y  (Ref. 5, page 71, cu t  t o  1-3/8 x 1-7/8 inches, i n  the  s ide  pos i t ion ,  
and e l e c t r o l y t e  corresponding t o  the semi-dry condi t ion (Ref. 4, Sections I T T ,  
B, 1 through 8), w a s  o r i g i n a l l y  made f o r  use i n  the  Main Experiment (Ref. 4, 
page 6 0 ) ,  but  because of a change in  plans it became ava i lab le  f o r  the  t e s t i n g  
described here. 

Af te r  washing and drying the  electrode pack*+ the  aux i l i a ry  e lec t rode  w a s  
posi t ioned as shown i n  Figure 1 -- the  aux i l i a ry  being e l e c t r o n i c a l l y  
in su la t ed  from the  pack by two layers  of separator  material. 

With the  a i d  of s o f t  n icke l  L-shaped shims the  e lec t rode  pack and 
a u x i l i a r y  were in se r t ed  i n t o  the  can ( t o  which had been welded a. 1/4 inch 
s tee l  flange t o  accomn-odate the cover) as shown ic Figure 2. 
i n s t a l l i n g  the  cover, pressure gage, f i l l e r  tube,  and t h e  r e t a i n e r  p l a t e s  
(Fig.  3 ) ,  the  c e l l  w a s  l eak  t e s t ed .  The c e l l  having been found t i g h t ,  20.0 
ml of 30% KO9 were added through the f i l l e r  tube: t h i s  i s  about 4.0 ml less 
e l e c t r o l y t e  than  t h a t  required t o  sa tura te  the pack arrd a m i l i a r y  e lec t rode  
( R e f .  4, page 18; f o r  t he  technique used t o  add e l e c t r o l y t e  see Ref. k ,  

After  

page 20). 

3 A wide range of PI and O2 mixtures w a s  l e f t  f o r  pro t rac ted  periods ill 
contac t  wi th  various p l a t in i zed  carbon o r  graphi te  c lo ths  moistened wi th  
30% KOH, and no explosion, o r  even v i o l e c t  r eac t io s ,  occurred. 

*+ Roth outermost p l a t e s  a re  pickel pos i t i ves .  

1- 3 
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With the  hose and clamp s t i l l  on the  c e l l ,  the  aux i l i a ry  e lec t rode  was 
pre tes ted  by determhing i t s  po la r i za t ion  curve a t  room temperature, i n  the  
presence of 1 atmosphere 02, while the  c e l l  w a s  charged a t  0.35 amperes f o r  
about 1 hour at most (Ref. 4, pages 2 1  and 22).  
ex t e rna l  leads  were at tached t o  the  c e l l  using one of the  top  screws t h a t  
he ld  the  re ta in ing  p l a t e s  together .  This screw cnly w a s  t ightened wi th  a 
screwdriver and wrench, the o thers  havivg been adjusted with f inge r  pressure 
s o  t h a t  the  p la tes  f i t  snugly t o  the  can when i t s  in te r r ,a l  pressure w a s  t h a t  
of the  room. Thus the  e l ec t ron ic  path t o  the aux i l i a ry  was through: 
r e t a in ing  p l a t e ,  can, n icke l  1,-shim. 

The aux i l i a ry  e lec t rode  

Following pretestir lg,  the  c e l l  w a s  evacuated, discharged t o  v i r t u a l l y  
zero v o l t  through a 1 ohm r e s i s t o r ,  and then overdischarged u n t i l  bo th  
e lec t rodes  had f a i l e d  (about -1.44 v o l t s ) .  
f i l l e d  with O2 t o  1 atmosphere, and f i n a l l y  sealed with a binding head screw 
i n  place of t he  f i l l e r  tube (for the  exact procedures see Ref. 4, page 25) .  

The c e l l  w a s  then  evacuated again, 

Before making ariy ful l . -scale  charging t e s t s  the  c e l l  was  given seve ra l  

Output a t  the  C / 5  
conditioning cycles a t  room temperature, f o r  example, 12.5 hour charge a t  0.7 
ampere followed by discharge a t  1 .4  amperes t o  1.0 v o l t .  
r a t e  w a s  c lose  t o  7 ampere hours. 

A u x i l i a r y  Electrode and Cell  Performance a t  Dif fe ren t  Charging Rates 

Taking the  nominal capaci ty  of the  c e l l  as 7 ampere hours, it w a s  charged 
a t  1 C  (7 amperes), 2 C ,  C/10, 3C, and 5C, i n  t h a t  order,  charging being 
terminated by hand when the  pressure gage reading reached 60 p s i ,  or when 
pressure appeared t o  be subs t an t i a l ly  steady. 
f i l l e d  with 02 a t  1 atmosphere, absolute pressure a t  the  s ta r t  of each tes t  w a s  
c lose t o  zero (about 2.5 p s i ) ,  and because the  gas a t  the  end of charging 
contained l i t t l e  if any H2, it follows t h a t  a t  t h i s  point  (60 p s i )  t he  pressure 
of 02 i n  the  c e l l  was about 5 atmospheres. 
observations were made while the  c e l l  stood on open c i r c u i t  f o r  severa l  hours*, 
and then i t s  output t o  1.0 v o l t  w a s  determined a t  the  3 C  r a t e ;  subsequently the  
c e l l  w a s  discharged under i t s  own remaining power t o  v i r t u a l l y  zero v o l t .  
Performance of the nickel/ca&nium e lec t rode  pack, as concerr?s pressure a t  the  
start  of chargige;, igput accepted a t  60 p s i  ( o r  lower i f  tlcr pressure w a s  
s teady) ,  aRd output a t  21  amperes i s  summarized i n  Figure 4. 

Because the  c e l l  w a s  i n i t i a l l y  

A f t e r  charging w a s  terminated, 

Ambient temperature during chargirlg and discharging w a s  between 75OF and 
79OE * 

In  perforning the  charging t . es t s  the  auxiliary and cadmium e lec t rodes  
were ex te rna l ly  joinpd (to emulate tk signal ing  c i r c u i t  between po ic t s  y and 
7) i n  Figure 2 of Ref. 5 )  through a miLlimmeter and r e s i s t o r  whose combimd 

There w a s  very l i t t l e  overshoot: a t  most pressure rose t o  61 p s i .  
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res i s tance ,  Rs, w a s  6.5 ohms. 
c h a r g i x :  c e l l  voltage,  pressure gage reading, s ignal ing vol tage,  i . e . ,  between 
the aux i l i a ry  and the  cab-ium electrodes,  axrd sign-aliFg current ( c a l l e d  Is i n  
Figure 2 of Ref. 5 ) .  

The fallowing observations were made during 

Figures 5 and 6 show signaling vol tage aod c e l l  pressure as a funct ion of 
input f o r  the  1 C  and 5 C  charging runs respect ively.  
aux i l i a ry  electrode i s  almost per fec t ly  adapted t o  charging cont ro l  of t he  c e l l  
i n  question. 

Performance of the 

A t  the  1C r a t e  (Figure 5 ) ,  signaling voltage remains below 0.1 v o l t  u n t i l  
iDput reaches about 100% of r a t ed  cell capacity,  t h e r e a f t e r  it r i s e s  as O2 
pressure i n  the c e l l  increases  : almost l i n e a r l y  between 110% and 130% igput ,  
somewhat more gradually the rea f t e r ,  acd oc1.y shows a tenderrcy not t o  ix rease  
markedly with pressure a f t e r  about 160% input .  Su f f i c i en t ly  wide l a t i t u d e  i s  
thus afforded i n  choosing the  cut-off point .  
t o  termirrate chargipg when the  c e l l  had received an input of 120% of r a t ed  
capaci ty ,  a terminating device w i t h  a voltage r e l i a b i l i t y  of 2 10% would behave 
as follows: 

For example, if it w a s  decided 

S ignal.i.?g % Tcput a t  
V o l t  age Automatic Termination of Charging 
I_---- 

& s c r i p t  ion 

Low (-10%) 0 4.1 11% 

Igtended cut-off  0.46 120 

High (+lo$) 0 . 5 1  122 

Again, if it w a s  decided t o  terminate charging when the  ce l l .  had received ag 
input  of 130% of r a t ed  capaci ty  a 10% device would behave as follows: 

&scrip+ d10n * 

Low 

Signaling 
V 3 l t  8ge 

0.58 
- 

% 
Input 

127 
Intended cut-off 0.64 130 
High 0.70 136 

F i n a l l y  if it w a s  decided t o  terminate charginz when input reached 140%, the  
s i t u a t i o n  would be as follows: 

- De s c r i p t  ion  

Low 

I??tez?.ded cut-off 0.75 
High 0.83 15 0 

From the  5C chargiEg resulSs (F ig .  61, it can be seen t h a t  t he  s i t u a t i o n  
a t  t h i s  r a t e ,  which i s  prcbabiy abou+, as high as would ever  Se used i n  
p rac t i ce ,  i s  near ly  as good a t  1C. With a cut-off  pressure of 60 p s i  less 
overchargir4 is  possible  a t  SC: than at lC, s o  usipg 11@, 12@, and 130$ as 
ic tended overcharges, a t e r m i n a t i x  device wi th  2 10% r e l i a b i l i t y  would 
perform as follows : 

1. -, 5 
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Desired Input, % Range, $ 

110 102 -114 

120 116-124 

130 126 -138 

The shape of these s ignal ing voltage vs. input curves i s  thus seen t o  
be good because voltage remains a t  a low value u n t i l  t he  c e l l  i s  approximately 
f u l l y  charged and then r i s e s  with increase i n  02 pressure -- j u s t  about 
keeping pace with it. The voitage r i s e  i s  ne i the r  too  rapid nor too  gradual. 
Too s t eep  a r i s e  would r e s u l t  i n  exce l len t  cut-off a t  a given input bu t  would 
allow no freedom i n  choosing the  cut-off .  Too gradual a r i s e  would r e s u l t  i n  
wide va r i a t ions  i n  input for a cont ro l  device w i t h  10% r e l i a b i l i t y ,  or, put 
another way, would require a cont ro l  device with a very close tolerance on 
operating point .  
balance between freedom i n  se lec t ing  input cut-off and l a t i t u d e  i n  designing 
the  cont ro l  c i r c u i t .  

Thus t h e  curves shown i n  Figures 5 and 6 af ford  good 

If it is  acceptable t o  have the  charger operate a t  a s ing le  r a t e ,  such 
as  l C ,  then t h e  discussion given above provides s u f f i c i e n t  basis f o r  judging 
the  merits of a given aux i l i a ry  electrode.  
an adjustable  charger which can be s e t  t o  operate a t  any given rate within 
wide l i m i t s ,  such as C/10 up t o  5C, then it is  worth-while t o  consider t h e  
problem somewhat more general ly ,  as follows. 

However, i f  it i s  des i red  t o  have 

Automatic charge cont ro l  by means of an 02-reduction aux i l i a ry  electrode 
depends mainly upon two fac to r s :  first,  the 02 evolut ion cha rac t e r i s t i c s  of 
t he  c e l l  i t se l f  and second, t h e  response of s ignal ing voltage t o  pressure.  

As  t o  t he  f i r s t  f ac to r ,  t h e  build-up of 02 pressure during charging a t  
the  1C and 5 C  ra tes  can be seen i n  Figures 5 and 6, and t o  give some idea of 
the point  a t  which 02 evolut ion becomes important over t h e  e n t i r e  range of 
charging rates, inputs corresponding t o  zero pressure are summarized below: 

Charaim Rate 
Input, Ampere Hours, 

f o r  Zero Pressure Gage Readiw 

C/LO 9.6 

IC; 7- 9 

2c 8.1 

3c 8.1 

5c 

1-6 



If the  rat? of reac t ion  of 02 with the  cadmium e lec t rode  a t  1 atmosphere 
absolute is  on the  order of C/20, say, t h + n  these  r e s u l t s  are understaadable. 

A s  t o  the second f ac to r ,  signalille; voltage is  p l o t t e d  as a funct ion of 
pressure il.- Figure ' I  f o r  a l l  f i v e  charging r a t e s  s tudied.  'The curves are 
remarkably close toge ther ,  a l l  t he  poic t s  f a l l i n 4  wi th in  a s a t i s f a c t o r i l y  
narr ow band. 

Takipg both f a c t o r s  h t o  account, it i s  ant.fcipated from these  r e s u l t s  
t h a t  f o r  a given cut-off voltage,  input w i i i  be roughly %he same f o r  lC, 2C, 
3C and 5C, but  w i l l .  be subs t ac t i a l ly  higher f o r  C/lO because 02 pressure 
build-up i s  noti.ceably sl.owcr a t  t h i s  low charging r a t e .  When t h e  values are 
read of f  the f i v e  p l o t s  showing signalivg va l tage  vs. input ,  t h i s  tu rns  out 
t o  be t r u e :  

Charging 
Rate 

c/10 

k p u t ' ,  % of Seven Ampere H m r s ,  
a t  Cut-off Voltage of 

0.7 -- 0.6 
~ 

1.71 230 

1c 139 135 

2c 1.34 14s 

5c 130 137 

It i s  bel ieved t h a t  from the  users 's tandpoint  t he  r a t e s  of most i n t e r e s t  
w i l l  f a l l  i n  t h e  rapge 1C t o  5C: less t h a r  1C t akes  tog  long, more than 5C 
saves no appreciable t i m e  i n  comparisog with t h e  time required t o  put the  
b a t t e r y  in to ,  and take it out o f ,  the charger. Over t h i s  ra!ge, with the 
p r e s e i t  c e l l  type and auxiliary electrode,  about t h e  same izput  i s  a t t a ined  
for a f ixed  value of cut-off voltage. A t  much lower r a t e s  t he  input i s  
cors iderably  g r e a t e r  because of the slower 02 pressure build-up; t h i s ,  of 
course,  depezds upon the  cha rac t e r i s t i c s  of the  nickel/cndmium electrode pack, 
and does not reasonably r e f l e c t  up02 the  behavior of the  aux i l i a ry  e lec t rode  
-- on the  coEtrary, the  aux i l i a ry  electrode exh ib i t s  exce l len t  behavior i n  
t h a t  s ignal ipg voltage as a functior? of pressur? i s  near ly  indepndent  of 
charging rate over the  wide rarge from 2/10 up t o  5C. 

Resides havi?g exce l len t  charac te r i s t i . cs  as regards charge terminat ion 
-- which i s ,  of course, the  main thigg - - I  this system i s  g ra t i fy ing  i n  another 
r e spec t :  1 i t t l . e  or no H2 w a s  evolved during the  e a r l y  stages of chargir45. 

++ Carson states i n  t he  published version of his paper presented a t  the 18 th  
Power Sources ConYprerce (Ref - r{> t h a t  "at high chargirg rates, hydrogen 
i s  always evolved ir chargi?g". 



PIC-BAT 209/9 

This poss ib i l i t y ,  i t s  implicatiolts, and ways of overcoming it have been 
discussed a t  some length (Ref. 2,  pages 4 through 151, and i n  view of these 
cmsidera t ions ,  % w a s  i n t eg t iona l ly  chosen as  6.5 ohm i n  the  hope of 
preventing rapid evolut ion of €I&. 
from the  standpoint of making s ignal ing voltage as responsive t o  02 pressure 
as possible,  a somewhat lower value of Rs would have been chosen (Ref. 1, 
page 30). 
Eq(2) of Fef. 5 it i s  predicted t h a t  H2 evolut ion r a t e ,  even a t  the  5C r a t e ,  
should not exceed 

It should be pointed out,  however, that 

For a f i r s t  t r y ,  6.5 ohms turned out t o  be a good compromise. From 

200/6.5 = 31 milliamperes. 

For the  5 C  charging experiment, Is w a s  between 15  and 22 milliamperes before 
02 evolut ion became c l ea r  (4.67 ampere hours inpu t ) ,  and f o r  1C c h a r g i x  was 
between 6 and 16 milliamperes up t o  7.00 ampere hours input .  Whether or not 
these small currents are  due t o  €I& cannot be es tab l i shed  from the  present 
observations, b u t  i f  H2 was evolved, it ul t imate ly  reacted with 02 -- as it 
could on the  auxi l ia ry  electrode i tself  (Ref. 3, page 16) -- or was otherwise 
consumed. This can be seen from the  c e l l  pressures a t  the  start of charge as 
i temized  i r _  Figure 4. 

Auxiliary Electrode Performance as Related t o  S ta t e  of Charge of t he  Ce l l  

Having found out t h a t  the  shape of t he  s ignal ing vol.tage vs.  input curve 
i s  good and that  s ignal ing voltage as  a func t ioc  of pressure i s  near ly  
independent of charging r a t e ,  the user can, i n  a sense, consider tb.e subjec t  
closed. It i s  submitted, however, t h a t  something i s  going on i n  the  c e l l  
t h a t  might not be suspected from the r e s u l t s  given so  far, and f o r  those who 
wish t o  explore the  matter fu r the r ,  the  following supplemental discussion i s  
presented. 

A s  a point  of departure compare the  performance of t he  aux i l i a ry  
electrode i n  the p re t e s t  and f u l l - s c a l e  charging expe r imnt s .  In the  p r e t e s t  
the  polar izat ion curve a t  1 atmosphere absolute of 02 w a s  determined (Ref. 4, 
page 481, and from these r e s u l t s  s ignal ing voltage and current  can be 
estimated f o r  Rs = 6.5 ohms as shown i n  Ref. 5, Figure 3. On the  other  hand, 
if  no appreciable H;! w a s  evolved during the  e a r l y  s tages  of charging ii t h e  
f u l l - s c a l e  t e s t s ,  theri a t  a pl-essure gage reading of +2.5 ps i  ( t o  make 
approximate allowance f o r  the background pressure) ,  t he  c e l l  gas should 
correspocd closely t o  1 atmosphere O2 a l so .  
voltage a t  t h i s  pressure can be read from Figure 7. 
below: 

For these experimer.ts sigllaling 
The r e s u l t s  are  co l lec ted  

r Sigca l i rg  IS , - Determination V o l t a E  Mill i a m p  r e  s 

P re t e s t  0.81 123 
C/10 0.34 46 
1c 0.30 48 
2c 0.29 48 

3c 0.30 49 
5c 0.37 58 

1-a 
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Clear ly  there  i s  a marked difference i n  aux i l i a ry  electrode performance as 
determined i n  the  two kinds of tests. 

It could be argued t h a t  i n  the p r e t e s t  t h e  c e l l  w a s  connected t o  a 
la rge  reservoi r  of 02 a t  1 atmosphere, bu t  t h a t  i n  the  runs a t  C/10, l C ,  e t c . ,  
the  c e l l  gas w a s  roughly half  H2 by the time pressure gage reading reached 
2.5 ps i .  
e lectrode r a the r  than t h e  auxi l iary,  because on the assumption t h a t  Is i s  due 
only t o  H2 evolut ion during the  ear ly  s tages  of charging, no more than 0.1 
atmosphere of H2 caz1 be accounted f x  by t h e  t i m e  pressure reaches 2.5 p s i .  
Cel l  No. 10 could be charged t o  2.5 p s i  and the  gas analyzed a t  t h i s  point.  
Un t i l  t h i s  i s  done the  FE2 explanation remains a poss ib i l i t y ,  although an 
unl ike ly  one, because H2 content- a t  2.5 p s i  would be expected -to increase 
s t rongly  with increase i n  charging r a t e ,  bu t  t h e  observed s ignal ing voltages 
a t  C/10 and 5 C  are  near ly  the  same -- what difference there  is  being i n  the  
wrong d i rec t ion .  

If so, most of t he  H2 would have had t o  evolve from the cadmium 

Another p o s s i b i l i t y  i s  t h a t  auxi l ia ry  electrode behavior depends upon the  
state of charge of t he  c e l l .  This p o s s i b i l i t y  i s  worth looking i n t o  because 
i n  the p r e t e s t  the  c e l l  was v i r t u a l l y  i n  the discharged condition (being 
charged t o  no more than 0.35 ampere hours),  whereas i n  the  tes ts  a t  C/10, l C ,  
e t c . ,  the  c e l l  had received an input of g r e a t e r  than 10% by the  t i m e  pressure 
reached 2.5 ps i .  Thinking that there might be such a re la t ionship ,  s ignal ing 
vol tage and current  were masured during discharge following the  f i r s t  
charging a t  l C ,  and then, because the r e s u l t s  seemed in t e re s t ing ,  more 
systematical ly  and completely during t h e  next experiment i n  which the  c e l l  
was charged a t  2C. Results f o r  t h i s  l a t te r  run a re  summarized and condensed 
i n  Figure 8. 

Following t h i s  tabula t ion  it i s  seen t h a t  s ignal ing voltage and current  
dropped suddenly by a measurable amount when charging current  w a s  turned of f .  
This is  explained as due t o  the  drop i n  cadmium electrode polar iza t ion  ( c e l l  
p o t e n t i a l  f e l l  by 0.11 v o l t )  i n  view of E q ( 1 )  in .  R e f .  5 which shows that 
s igna l ing  current  and voltage decrease wi.th decrease i n  cadmium electrode 
polar iza t ion .  While the  c e l l  stood on open c i r c u i t  f o r  about two hours, 
s igna l ing  voltage dropped as 02 was corrsumed. 

When pressure reached 26 p s i  the c e l l  w a s  discharged a t  2 1  amperes. The 
analogue of E q ( 1 )  i n  Ref. 5 t h a t  applies duripz discharge i n  the  presence of 
02, shows t h a t  s igna l ipz  voltage decreases with increase i n  cadmium electrode 
polar iza t ion ,  but  i r -  s p i t e  of' t h i s  and t h e  f u r t h e r  decrease i n  02 pressure 
from 26 p s i  t o  21  p s i ,  s ignal ing voltage (and cur ren t )  rose during t h e  f i rs t  
12 minutes of discharge from i n i t i a l  values of 0.51 v o l t  (and 79 mi l l iamperes)  
t o  0.76 v o l t  (and 114 milliamperes). 'This s t rongly suggests, if it does not 
prove, t h a t  aux i l i a ry  electrode behavior depeEds upon the  state of charge of 
c e l l .  This implies t h a t  f o r  each s t a t e  of charge there  i s  a family of 
po la r i za t ion  curves (one f o r  each pressure)  of t he  s o r t  shown i n  Figure 3 of 
R e f .  5. From the  standpoint of producing power the  bes t  set i s  f o r  t he  c e l l  
i n  the discharged condition, the  whole family contract ing inward toward t h e  
axis of ordinates  as charging proceeds. 
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To continue reading the  results l i s t e d  i n  Figure 8, s ignal ing vol tage 
f i n a l l y  f e l l  during the  l as t  s tages  of discharge a t  21  anrperes t o  1.0 v o l t ,  
doubtless because cadmium e lec t rode  po la r i za t ion  increased markedly. 
t he  same reason there  w a s  a b ig  drop i n  s ignal ing voltage when the  c e l l  w a s  
discharged t o  0 . 1 v o l t  under i t s  own power, bu t  note t h a t  a f t e r  20 minutes 
s tand on open c i r c u i t  following the  end of discharge, s igna l ing  voltage 
became near ly as high as it w a s  a t  the  end of t he  2 1  ampere discharge -- 
even though absolute 02 pressure w a s  only 2/3 as grea t .  This ind ica t e s  a 
f u r t h e r  improvement i n  O2 po la r i za t ion  c h a r a c t e r i s t i c s  of the  aux i l i a ry  as a 
r e s u l t  of completely discharging the  c e l l ,  and corroborates the  idea  t h a t  
aux i l i a ry  electrode performaxe depmds upon s t a t e  of charge. 

For 

F ina l ly  the c e l l  w a s  charged f o r  a few minutes a t  0.35 amperes, i . e . ,  
t he  same current  used i n  the  p r e t e s t ,  while pressure f e l l  t o  2 p s i  so t h a t  
the  c e l l  gas should have been near ly  the  same as i n  the  p r e t e s t .  Signaling 
voltage w a s  0.76 and s ignal ing cur ren t  w a s  116 milliamperes. 
t h a t  during p re t e s t  t he  c e l l  had not ye t  been given any conditioning cycles .  
it i s  reasonable t o  think t h a t  cadmium e lec t rode  po la r i za t ion  w a s  higher then  
than after conditioning, and the  higher c e l l  voltage during the  p r e t e s t ,  v i z . ,  
1.38 as opposed t o  1 .29  i n  Figure 8 i s  cons is ten t  with t h i s  thought. I n  f a c t  
i f  it i s  assumed t h a t  of t he  0.09 v o l t  d i f fe rence  i n  c e l l  po ten t i a l ,  0.05 v o l t s  
a r e  due t o  cadmium e lec t rode  polar iza t ion ,  then  agreement i s  seen between t h e  
r e s u l t s  of the  p re t e s t  and the experiment given i n  Figure 8. 

Considering 

It i s  concluded that the  aux i l i a ry  e lec t rode  underwent no permanent change 
during the  t e s t ing  reported here but  r a t h e r  t h a t  some t r a n s i t o r y  and repeatable  
change occurred within the c e l l ,  the  change being r e l a t e d  t o  state of charge. 

It i s  generally recognized t h a t  water i s  l i b e r a t e d  i n  a nickel/cadmium 
c e l l  during charging. 
equivalent of nickel ac t ive  mater ia l  t h a t  i s  charged, then roughly 1 ml of 
water would be produced i n  charging the  present  c e l l .  I n  the  p re t e s t ing  of 
other  s ide  posi t ion c e l l s  f o r  t he  Main Experiment it w a s  found t h a t  t he  
addi t ion  of 3.5 m l  of supplemental e l e c t r o l y t e  t o  a c e l l  that had f i rs t  been 
t e s t e d  with 20.0 ml of e l e c t r o l y t e  r e su l t ed  i n  a marked decrease i n  aux i l i a ry  
electrode performance (Ref. 4, pages 49 and S O ) ,  and i n  view of the  f ind ings  
t h a t  41 m l  of supplemental e l e c t r o l y t e  caused l i t t l e  i f  any more decrease than  
3.5 ml,  (Ref. 4, pages 5 1  and 52) it i s  surmised t h a t  an increase i n  e l e c t r o -  
l y t e  volume from 20 m l  t o  2 1  ml,  or even less, during charging could e a s i l y  
accouct f o r  t he  difference i n  performance observed i n  the p r e t e s t  and charging 
a t  c / ~ o ,  E, ZC, e tc .*  

I f  0.5 equivalent of water were formed f o r  each 

f Of course during charging average e l e c t r o l y t e  concentrat ion is  decreased 
s l i g h t l y  because the  water producrd d i l u t e s  t he  e l e c t r o l y t e  and because a 
small amount of KOH may be taken up by the n i cke l  ac t ive  material, but  
these e f f e c t s  are minor i n  comparison with t h e  major e f f e c t  due t o  increase 
i n  volume of e l ec t ro ly t e .  

1-10 
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It follows from t h i s  t h a t  a c e l l  made with a s ide  pos i t i on  aluxiliary but  
23.5 m l  o r  34.0 m l  of e l e c t r o l y t e  should show no d i f fe rence  i n  aux i l i a ry  
performance betwwc the pretest and f u l l - s c a l e  chargivg t e s t  r e s u l t s .  For 
c e l l s  made with the  aux i l i a ry  i" thF top  pos i t i on  the  p r e t e s t  r e s u l t s  with 
c e l l s  made f o r  use i n  the  Mai.2 Experimct  show t h a t  additior,  of 3.5 o r  14.0 ml 
of supplemental e l e c t r o l y t e  has only a r e l a t i v e l y  small e f f e c t  on aux i l i a ry  
performance (Ref. 4, pages 54 through 57). 
f o r  t o p  posi t ior ,  c e l l s  there  should be l i t t l e  diffFrence betwwn the  p r e t e s t  
and f u l l - s c a l e  r e s u l t s  f o r  any of the quan t i t i e s  of e lec t rcdyte  used. 
Detai led comparisons w i l l  be given i n  the f i f t h  Quar t e r ly  Progrpss Report of 
t h i s  pro jec t ,  but  it can be stated genera l ly  t h a t  these  expectations a re  
confirmed experimentally i n  every instance.  Thus, f o r  a c e l l  made with the  
aux i l i a ry  i n  the  s ide  pos i t i on  and 20 ml of e l e c t r o l y t e ,  th?re  i s  s t rong 
reason t o  bel ieve t h a t  the  b ig  difference i n  aux i l i a ry  performance observed 
i n  the  p r e t e s t  and a t  t he  e i d  of discharge (Figure 8) on th?  one hand, and i n  
the  f u l l - s c a l e  t e s t s  a t  C/10, lC, 2C, e t c . ,  on the  o ther ,  i s  due t o  an increase 
i n  volume of e l e c t r o l y t e  caused by water produced during charging. 

Therefore it a l s o  follows t h a t  

From the  users  po in t  of view the indicated decrease i n  aux i l i a ry  e lec t rode  
performance wi th  increase i n  s t a t e  of charge has a b e n e f i c i a l  r e s u l t :  it i s  
l a r g e l y  responsible f o r  the  good shape of t he  s ignal ing voltage vs. input curve 
i n  Figures 5 and 6. If s ignal i7g voltage were 0.81 a t  1 atmosphere absolute of 
O2 f o r  a roughly f u l l  charged c e l l ,  as it i s  f o r  a discharged c e l l ,  then i n  
Figure 5 s ignal ing voltage a t  100% i3put would be about 0.8 acd l i t t l e  f u r t h e r  
increase could be expected as 02 pressure b u i l t  up during the  c r i t i c a l  over- 
charge range (100% t o  1.505 inpu t ) .  
input  would thus be l o s t .  

Freedom t o  s e l e c t  t he  prefer red  cut-off 

I n  Figure 7, the  c e l l s  are  subs t an t i a l ly  f u l l y  charged throughout most of 
t he  pressure build-up depicted there and, hence, the  e f f e c t  of increasing 
e l e c t r o l y t e  volume with s t a t e  of charge should be r e l a t i v e l y  s m a l l .  The c lose-  
ness of the  curves is  regarded as due t o  f o r t u i t o u s  cance l la t ion  of secondary 
e f f e c t s .  Thus cadmium electrode polar iza t ion  increases  with i i c r ease  i n  
charging rate and t h i s  tends t o  make the curve higher i n  Figure 7, the  higher  
t h e  charging rate ( c . f .  E q ( l ) ,  Ref'. 5 ) .  I n  opposit ion t o  t h i s ,  there  i s  
doubt less  a cmcen t ra t io?  polar iza t ion  compogent of aux i l i a ry  electrode 
po la r i za t ion  due t o  the  f a c t  t h a t  K3B concentration is  lower i n  the  v i c i n i t y  
of the Kickel e lec t rode  ( i n  the present instance the  aux i l i a ry  a l s o )  than  i n  
the  v i c i n i t y  of the  cadmiixn electrode dur i rg  chargi-ng, ar?d i n  vlpw of E q ( l ) ,  
Ref. 5, t h i s  iycrease i n  auxi l ia ry  e lec t rode  po la r i za t ion  with iccrease i r _  

charging rate tends t o  makG the curve lower i n  AFigur- 7 ,  t he  higher the 
charging r a t e .  As a r e s u l t ,  it t u r r i s  out t h a t  s igna l f rg  voltag? i s  highest  
a t  t h e  1C r a t e  over most. of thr= pressure ragge. 

1- 11 
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Figure 3.  Assembled Cell Ready f o r  Leak Testing. 
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I n i t i a l  
Charging Pres sure, 

Rate in .  of €!e; 

c/10 -25 

1c -23 

2c -24 

3c -25 

5c -25 

Izlput 
Ampere 

€k:Ivlin:Sec Hours 

40 : 36* 28.4236 

1:39 11-55 

:47:18 11.04 

:31:05 10.88 

: 17 :20 10.11 

output 
at  3 C  t o  1.0 V o l t  

Ampere 
Min:Sec Hours 

18 :11 6.36 

18 : 35 6.50 

6.53 

19 : 20 6.77 

17 : 34 6.15 

* To steady pressure gage reading of 55 P.S.I. 

Performance of Cell No. 10 when Charged t o  

a Pressure Gage Reading of 60 P.S.I. a t  

Various Rates 

Figure 4 
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O . C .  0 o t  1.46 0.81 123 +60 
0 38 1.39 0. '77 117 50 
0 128 1.38 0.55 83 26 

Discharge 21 
21 
21 
21 
21 
21 
2 1. 
21 
21 

O+ 1.26 0.51 
3 1.22 0.58 
6 1.22 0.65 
9 1.21 0.73 
12 1.20- 0.76- 
15 1.18- 0.75+ 
16 1.16+ 0.'74+ 

18.65 1.00 0.68 
17 1.15 0.73 

'19 
87 
99 
110 
11.4+ 
114+ 
112 
110 
105 

26 
25 
25 
23 
21 
20 
19+ 
19 
18+ 

Charge 0.35 O+ 1.. 22 0.75 114 
0.35 6 1.29 0.76+ 116 

Auxiliary Electrode Behavior for Cel l  go. 10 

During Discharge Following Charging at  2C. 

5 
2 

Figure 8 
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EVALUATION OF AUXILLARY EZCTRODE MATERIALS 

P h i l i p  P. Grieger 
Primary Battery Division 

McGraw Edison Company 
Bloomfield, New Jersey 

Pr inc ip les  of the  Jaffe Inver-tion - 
The idea of using aux i l i a ry  electrodes t o  consume the  gases i n  hermeti- 

c a l l y  sealed c e l l s  dates  back t o  the 1930s (Ref. 11, but  S. S. J a f f e  ( R e f .  21, 
about t e n  years ago, while working i n  t h e  Thomas A. Edison Research Laboratory, 
was the  f i rs t  t o  propose makillg t h e  current  ( t h a t  flows through the  ex te rna l  
connection between the main cadmium and an aux i l i a ry  O2 reduction e lec t rode)  do 
useful  work by powering a r e l ay  arranged t o  terminate charging of the  c e l l  
(Figure 1). 

The in t e r r e l a t ionsh ip  of the three electrodes during chargivg i s  shown i n  
Figure 2. The current ,  I., er!.ters the n i cke l  e lectrode and divides;  i n  t he  
e l e c t r o l y t e  the  s ignal ing current ,  Is, en te r s  the  aux i l i a ry  electrode and the  
remainder, I-:Is, en te r s  tbe cadmium electrode.  A t  t he  aux i l i a ry  02 i s  reduced, 
o r  i n  the  absence of 02, E20 may be reduced t o  *. IC e i t h e r  instance I flows 
il?_ the  ex te rna l  s ignal ing c i r c u i t  -- considered t o  have a res i s tance  R, Teago 
the  res i s tance  of a r e l ay  coi.1) -- in  the  d i r e c t i o a  shown i n  Figure 2. 
Charging is  automatically terminated when power generated i n  the  s igna i icg  
c i r c u i t  i s  su f f i c i e rk  t o  operate the t e r m i n a t i x  device, such as a r e l ay  as 
shown i n  Figure 2 ,  

Se t t ing  the  sum of the  poten t ia l  changes i n  going around the  loop x, y, 
z ,  x equal  t o  zero, it turns  out that  

where P (1-1 ) = polar iza t ion  of  the cadmium electrode Cd s 

Eo( a-ux, Cd) -G ope2 c i r c u i t  po ten t ia l  of the auxiliary/cadmium sub-cel l ,  
t h a t  is ,  about + 1.1 v o l t  i f  02 i s  being reduced, o r  - 0.02 
if R2 is  he i r??  evolved. 

(I ) = polar iza t ion  of the aux i l i a ry  Electrode. 'aux s 

The f i r s t  two and the las t  three  te rms  within brackets  a re  grouped na tu ra l ly  
t o  give 

I S = (w + UI)/Rs Eq. (2) 

where W i s  the  t o t a l  po lar iza t ion  o f  t h e  main c e l l  less the  polar iza t ion  af t h e  
n i c k e l  e lectrode,  V '  i s  the poten t ia l  d i f f e r e w e  between the  working aux i l i a ry  
and an  i d l e  cadmium refere ice  located a t  x. 

2-1 



PIC-BAT 209/9 

Imagine tha t  a t  the s ta r t  of charging there  i s  no 02 present  i n  the  gas 
space. A t  f i r s t  almost a l l  t he  cur ren t ,  I, goes i n t o  reduction of cadmium 
hydroxide but  some H2 may be evolved on the auxiliary".  
p o t e n t i a l  of the H2/Cd c e l l  is s u b s t a n t i a l l y  zero, so V' i s  approximately - 
P a w (  Is ) ; W i s  considerably l e s s  than the  t o t a l  nickel/cadmium c e l l  po lar iza-  
t i o n ,  probably being l e s s  than 0.2 v o l t  a t  t he  5 C  r a t e .  
exhib i ted  no H2 overvoltage, the  H2 evolut ion r a t e ,  with a res i s tance  of 5 ohms 
i n  the  signaling c i r c u i t ,  would be, from Eq. (21, no more than 

The open c i r c u i t  

Even i f  the  aux i l i a ry  

I = 2OO/5 = 40 milliamperes.** 
S 

Hydrogen evolution rate++* w i l l  decrease with decrease i n  charging r a t e ,  but  
the  t o t a l  volwne evolved per charging t o  a f ixed  02 cut-off  pressure w i l l  be 
roughly the  same f o r  rates i n  the  range 1 t o  5C. 

After 02 has been evolved from the  n icke l  e lec t rode  as cherging proceeds****, 
the  02 reduction po la r i za t ion  c h a r a c t e r i s t i c s  of the  aux i l i a ry  govern the  
s igna l ing  current .  As  a first approximation W can be neglected i n  compariso? 
with V' and Eq. ( 2 )  becomes 

Is = V'/Rs. 

A s  a s p e c i f i c  example, l e t  the  02 reduct ion behavior of t he  aux i l i a ry ,  as a 
func t ion  of 02 pressure, be character ized by the  family of V '  vs.  Is curves 
shown i n  Figure 3, where s t r a i g h t  liEes r ad ia t ing  from the  o r i g i n  with slopes 
corresponding t o  res i s tances  of 5, 3, ar,d l o 5  ohms are, included. The i n t e r -  
sec t ions  of these l i n e s  with the  po la r i za t ion  curves ind ica te  the  cur ren t  t h a t  
would flow i n  the s igna l i rg  c i r c u i t  i f  i t s  load were equal  t o  any ore of these  
three  values.  These cur ren ts  and the corresponding power generated by the 
s igna l ing  sub-cell  are  summarized ir, Table I. By u s i r g  a r e l ay  whose c o i l  had 
a res i s tance  of 3 ohms and which operated a t  200 m i l l i w a t t s ,  charging would be 
terminated when 02 pressure had b u i l t  up t o  about 2 atmospheres. With polar -  

* The presPr,ce of sorbed oxyge? or other  e f f e c t i v e  pos i t i ve  ac t ive  n a t e r i a l  
on the  auxi l ia ry  will delay ( a i d  eve-% cainpletely preverit) E2 evolut ion.  

*+ A t  t h i s  ra te  only about 8 m i  of E@ (room temperature and 1 a t m .  j would be 
evolved i n  10 minutes of charging. 

**++ It depends, o f  course, upon c e l l  cons t ruc t i3 r :  t h e  h w e r  t h e  e l e c t r o l y t e  
r e s i s t ance  and cadmium e lec t rode  polar iza t ion ,  the  b e t t e r .  Also the  
higher t h e  % overpoten t ia l  of t h e  aux i l i a ry ,  t h e  b e t t e r .  

**+ F! evolved d u r i r g  the  e a r l y  s tages  of cha.rgirig can row r e a c t  with 02, 
e i t h e r  on the aux i l i e ry  e lec t rode  or a s p e c i a l l y  provided c a t a l y s t  
body. 
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i z a t i o n  curves such as those shown i n  Figure 3, it i s  possible ,  by properly 
se l ec t ing  the  s ignal ing c i r c u i t  res i s tance ,  t o  arrange matters so  t h a t  
charging i s  terminated when the  c e l l  has received a s a t i s f a c t o r y  overcharge. 

For the  charging of c e l l s  i n  series, J a f f e  teaches three  schemes: where 
charging of the b a t t e r y  as  a whole is terminated when (1) any oge of the  c e l l s ,  
or ( 2 )  a p i l o t  c e l l  reaches cut-off  pressure,  or (3)  where charging of the  
c e l l s  i s  terminated one-by-one as each reaches i t s  cut-off pressure ( h i s  Figs.  
6, 7, and 8, respect ively i n  Figure 1). 

A s  can be seen from Figure 1, Jaf fe  used flooded c e l l s ,  but  recent ly  
i n t e r e s t  has been shown i n  using t h i s  lllethod t o  cont ro l  the  charging of semi- 
dry hermetical ly  sealed c e l l s  a t  very high r a t e s ,  such as  up t o  5C,  which 
cannot otherwise be accommodated for  pro t rac ted  periods.  For example, a t  l a s t  
yea r ’ s  Power Sources Conference papers on t h i s  subject  by W .  N. Carson, Jr. of 
General E l e c t r i c  Co., and H. M. Seiger, R. C.  Shair ,  and P. F. Ritterman of 
Gulton Indus t r ies  were presented (Ref. 3).  

TABLF: I 

SIGXAL,ING CURFEW ND POWER CALCULATED FOR 
THE POLARIZATION CURVES OF FIGURE 3 

02 pressure,  
atmo s phe r e  s 

Signaling 
current, 

milliamperes 

5 ohms 

Signaling 
power , 

mil l iwat t s  

0.5 
1 
2 

150 
1.5 5 
165 

113 
12 0 
136 

0.5 
1 
2 

185 
235 
2’70 

103 
166 
219 

1.5 ohms 

0- 5 
1 
2 

76 
149 
346 
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Pla t in i zed  Cloths 

It was  contemplated i n  the  present  inves t iga t ion  t o  use a carbonized 
c l o t h  subs t ra te  e lec t ropla ted  with platinum as the  auxiliary electrode.  
Besides having good 02 reduction c h a r a c t e r i s t i c s ,  such a mater ia l  i s  f l e x i b l e  
and i n  pr inc ip le  lends i t s e l f  t o  use i n  rectangular  o r  c y l i n d r i c a l  c e l l s  
where it would add very l i t t l e  t o  the  velure o r  weight. For example, it w a s  
v i sua l ized  t h a t  a shee t  of such mater ia l  could be placed a t  the  end of t h e  
e lec t rode  pack, where, on one s ide  it would be separated from an end n icke l  
e lec t rode  p l a t e  by meam of the  c e l l  pack separator ,  and on the  o ther  s ide  
would be i n  e lec t ronic  contact wi th  the  metal can w a l l  which would a c t  as 
ex te rna l  terminal of t he  auxiliary e lec t rode  -- t he  n i cke l  and cadmium 
e lec t rodes  being i r s u l a t e d  from the  can. 
gave promise, because, being prepared by electrodeposi t ion,  t he  chances of 
m a k i n g  them repl icably  seemed good. 
of a given electrode wi th  use, and r e p l i c a b i l i t y  from e lec t rode  t o  e lec t rode  
a re  c l e a r l y  important i n  insuring r e l i a b l e  charge control .  

I n  another respect  such e lec t rodes  

Reproducibi1,ity of the po la r i za t ion  curves 

Evaluation Te s t s 

Previous work i n  the  Thomas A.  Edisor, Research Laboratory, begun by A. 
F le i scher  and continued by R. M. Taylor and T. L. T r e i t l e r  with the ass i s tance  
of L. A. Middlecamp, had been done with WCB graphi te  c l o t h  ( R e f .  b ) ,  p la ted  
with e i t h e r  grey or black platinum, f o r  use i n  f u e l  c e l l s .  There a re  now on 
t h e  market about a dozen carbo2 or graphi te  c lo ths .  Some of these,  it w a s  
thought, might be b e t t e r  subs t r a t e s  than  WCB c lo th ,  and it w a s  uncer ta in  whether 
black o r  grey platinum would be b e t t e r  f o r  a p a r t i c u l a r  c lo th .  With a v a r i e t y  
of c lo ths  t h a t  spanned the r a q e  of physical  c h a r a c t e r i s t i c s  (type of weave, 
thickness ,  e t c . )  preliminary experiments were done i n  the  hope of l imi t ing ,  t o  
one or two, t he  number of auxiliary e lec t rode  materials t o  be t r i e d  i n  hermeti- 
c a l l y  sealed r_ickel./cadmium c e l l s .  

Four kinds of graphi te  or carbon c lo th ,  and two kinds of platinum f o r  
comparison, were chaser_ as subs t r a t e s  f o r  preliminary t e s t i n g ,  as follows : 

Graphite c lo th ,  WCB (‘National Carbon, R e f .  4) 
Carbon c lo th ,  VCB (Vat iocal  Carbon, R e f .  4 )  

Graphite c lo th ,  WCZ (Uational Carbon, R e f .  4) 
Carbo3 c lo th ,  CCA-1 (Hitco, R e f  5 )  
Platinum screen (48 mesh, 6 m i l  wi re )  

Plat imm f o i l  (1 m i l ,  per fora ted)  

Each of the s i x  subs t ra tes  w a s  p l a t ed  i n  t h e  same way wi th  grey o r  b lack  
platinum. Pieces 1.-3/4 by 2-1/4 inches+ were t e s t e d  using a hor i zoc ta l  

k Depending upon the subs t r a t e  and the  kind of platinum the  weight Of platinum 
w a s  between 50 and 300 milligrams. 
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configuration as  shown schematically i n  Figure 4; t he  j i g  being housed i n  a gas- 
t i g h t  container  (Figure 5 ) .  PoteI?tial difference between the  t e s t  e lectrode and 
the  n icke l  reference,  V, was measured as a funct ion of current ;  V’ was estimated 
as  VI = 1.30 -V. 

I n  Preliminary Experiment Bo. 1 (P.E. No. S),  which l a s t e d  one week, 
po lar iza t ion  curves f o r  t he  twelve d i f f e ren t  aux i l i a ry  electrodes were 
determined a t  room temperature i n  pure 02 a t  various pressures,  on Monday, 
Wednesday and Friday and a t  -400F on Thursday; on Tuesday the  c e l l s  were 
operated a t  constant current  f o r  four hoursq. P.E. No. 3 was a r ep l i ca t e  of 
P.E. No. 1. 

Typical po lar iza t ion  curves for  Black and Grey a t  2 atmospheres and room 
temperature are shown i n  Figures 6 and 7. 
i n  P.E. No. 1 on Friday with VCB Black a t  the  three  pressures . )  

(Figure 3 ac tua l ly  i s  da ta  obtained 

Current a t  V I  = 0.6 v o l t ,  i n  milliamperes ( ca l l ed  1,(0.6) f o r  sho r t )  was 
used as a convenient index of performance because, as  the  family of curves i n  
Figure 3 suggests, t he  g rea t e r  rs(o.6) is. a t  2 atmospheres, say, t he  g rea t e r  
i s  the  va r i a t ion  of s ignal ing pQwer with 02 pressur;.e f o r  a given s ignal ing 
c i r c u i t  res i s tance  i n  the  range of interest . ’  
3 pressures on 3 days i n  2 experimnts  y i e l d  12 x 3 x 3 x 2 = 216 values which 
can be considered most succ inc t ly  i n  terms of t he  analysis  of variance as given 
i n  Table 11. Here, as a f i r s t  approximation, it i s  assumed t h a t  e r r o r  i s  
represented by the  in te rac t ions .  
it probably would be t&en f o r  granted t h a t  02 pressure,  as  between 0.5, 1.0, 
and 2.0 atmospheres, i s  a determining f a c t o r  of performance, and the  ana lys i s  
of variance does show t h a t  pressure i s  extremely s ign i f i can t .  Kind of subs t ra te  
and platinum (Black i s  b e t t e r  than Grey) are highly s i g i i f i c a n t .  Day of t e s t i n g  
i s  not s ign i f i can t ,  which indicates  t h a t  reproducib i l i ty  i s  good and t h a t  room 
temperature performance is  not appreciably a f fec ted  by continuous operation 
f o r  four  hours or by testing at -4OOF. 
than WCB which i n  t u r n  is  muchbet ter  than  any of the  others.  The bes t  
combinatiog i s  VCB Black. 
a t  room temperature, bu t  the  same order of merit  i s  found. 

The 12 subs t ra tes  measured at  

From inspect ion of a l l  t he  polar iza t ion  curves 

Comparing the  subs t ra tes ,  VCB i s  b e t t e r  

A t  -4OO”, Is(06) i s  roughly 0~I -y  1/10 what it i s  

La s p i t e  of the  r a the r  l a rge  indicated error of 3O%, it i s  believed t h a t  
by meals of t h i s  analysis  important f a c t o r s  have been f o m d  out. In  P.E. 
Nos. 1 ar.d 3 the quant i ty  o f  e l ec t ro ly t e  w a s  not supposed t o  be a f ac to r  but ,  
because t h i s  w a s  control led by subjective meacs t h a t  depended upon the  
technique of the  person assembliBg the  c e l l s ,  it w a s  pmbably a major 
cont r ibu tor  t o  errm i n  P.E, .Vas. 1 and 3. Replication e r r x ,  although not 
s ign i f i can t  ir Table IT, i s  s izable  and shows t h a t  the assembiy technique when 
prac t iced  on two d i f f e r e n t  occasiois (by the  same person but  two weeks a p a r t )  
gave r i s e  t o  considerably d i f f e ren t  r e s u l t s  

*. Current w a s  se lec ted  so  t h a t  at the start  of the run V I  l a y  i n  the  range 
0.88 t o  0.77 vo l t .  
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Source 

Pres sure  

Substrate  

Platinum 

Replication 

Day 

ANALYSIS OF VARLANCE FOR P.E. NOS. 1 AVD 3 USIITG 
1~(0 .6 ) ,  IN MILLIAMF'EHES, AS P E R F O W C E  INDEX 

d.f .  - 
2 

5 

1 

1 

2 

11 

215 

x10-2 
F - S . S .  M.S. 

18,633 9,317 252 3-07 4.79 

13,867 2,773 75 2.29 3.17 

1,768 1,768 48 3.92 6.85 

107 107 2.9 3.92 6.85 

203 102 2.8 3.07 4.79 

34,578 

Tota l  S.S. 42,207 

In te rac t ions ,  
by d i f f .  204 7,629 37 

Wan of 216 rS(a6) values = 202 

Assuming S = 3,700 2 

s = 60.8 

e r r o r  = (100%) 60.8/202 = 3& 
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Additional preliminary experiments were done with t h e  b e s t  materials, 
v i z . ,  VCB Black and Grey azid WCB Black under more cont ro l led  condi t ions:  four  
d i f f e r e n t  s t a t e s  being achieved by b l o t t i n g  each of the components wi th  the  
a i d  of a specif ied weight f o r  a f ixed  time. 
applied t o  1~(0.6), shows t h a t  random e r r o r  i s  markedly decreased, i n  comparison 
with P.E. 80s.  1 and 3, and t h a t  quant i ty  of e l e c t r o l y t e  i s  highly s i g n i f i c a n t .  
There i s  an optimum quant i ty  of e l e c t r o l y t e ,  with too  l i t t l e  b e i q  much worse 
than too  much. Once again VCB Black w a s  found t o  be bes t ,  and it w a s  decided 
t h a t  t h i s  w a s  the only p l a t in i zed  c l o t h  t h a t  need be t e s t e d  i n  a c t u a l  hermeti- 
c a l l y  sea led  nickel/cadmium c e l l s .  

The ana lys i s  of variance,  again 

I n  the  Main Experiment, which i s  now underway, VCB Black i s  being used as 
t h e  aux i l i a ry  electrode i n  two kinds of commercial c e l l s  (Gulton V O 7  and Union 
Carbide "8), which a re  modified by w e l d i q  a flange onto the  can so  as t o  
accommodate a Lucite cover bearing a pressure gage (Ref. 6). 
experiment c a l l s  f o r  32 c e l l s .  
s ide  and top.  In  the  s ide  pos i t i on  the a u x i l i a r y  i s  next t o  a n icke l  e lec t rode  
p l a t e  (both outside p l a t e s  a r e  n i cke l  e lec t rode  p l a t e s  iri the  VO7 and "78). O f  
t he  three  quant i t ies  of e l e c t r o l y t e  under examination, two provide excess f r e e -  
flowing e l ec t ro ly t e  i n  an attempt t o  obta in  increased capaci ty  from t h e  c e l l s .  

The p lan  of t he  
Two pos i t ions  of the aux i l i a ry  a re  being used: 

I n  order  t o  evaluate  the a b i l i t y  of the  aux i l i a ry  t o  con t ro l  charging under 
a wide range of condi t ions,  three r a t e s  ( C / l O ,  C, and 5 C ) ,  t h r ee  temperatures 
(OOF, room temperature, and 1200F), and two i n i t i a l  states of charge (none and 
50%) w i l l  be used. 
cur ren t  w i l l  be monitored; charging w i l l  be stopped when pressure reaches the  
same spec i f ied  value i n  a l l  c e l l s .  Adequacy of the  charging w i l l  be judged iz l  

terms of t h e  USAEL's normal, high r a t e ,  and low temperature discharge tes t s  
( R e f .  7) .  

During charging and discharging, pressure and s igna l ing  

This repor t  i s  based on work being done f o r  t he  Power Sources 
Division, United S ta t e s  Army Elec t ronics  Laboratory, For t  Monmouth, 
N. J. under Contract Number DA 28-043 AMC-OOl52(E). During the  
f i r s t  quarter t he  work w a s  done l a r g e l y  by S. S. Jaffe, L. A. 
Middlecamp, and J. D. Moulton; s ince t h e n - p r i n c i p a l l y  with the  
assis tance of J. Orshich and G .  A. Mueller. 
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oct. 21, 1961 S. 8. JAFFE 3,w,943 
SEALED STORAGE CELL USINC LIQUID 

Figure 1. Reproduction of the cover sheet  of the  Jaffe auxiliary 
electrode pa ten t .  
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- ELECTRODE LEADS 
BROUGHT UP THROUGH 
VERTICAL MEMBER 
OF JIG 

I 8 

Figure 4. Diagrammat i c  s idt. view (6.xpanded) of means for evalus t ing  
auxiliary rlectrodr. mater ia ls .  1. Current t a p  ( n i c k e l  shee t )  for 

auxi l ia ry  electrode,  2. Auxiliary e lec t rode  material, 
3. Opposing e lec t rode  (Nickel pos itivt.),  4. Separator,  

5 .  R e f e  rcnct. (J lectrode ( p a r t i a l l y  discharged Nickel 
pos i t ive) ,  6. Hold-down p la t e  (LucitP) with  c i rcu-  

l a r  sea t ,  7. Wcight ( s t e e l ,  4.2 pounds), 8. Jig (Luci te) .  

2 -L2 



PIC -BAT 209/9 

Photograpb. of Jig and Electrode Stack Faside Cel l  Con ta i i e r  

Figure 5 
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AUXILIARY ELECTRODES FOR USE I N  SILVER 
AND NICKEL-CADMIUM CELLS 

W. N .  Carson 
A. J. C a t o t t i  

M. D. Read 
General E lec t r i c  Company 

Introduction 

W e  have inves t iga ted  the  use of a u x i l i a r y  e lec t rodes  i n  nickel-cadmium, 
silver-cadmium and s i l v e r  zinc c e l l s  f o r  NASA over the pas t  two years under 
Contracts NAS 5-3707, NAS 5-2817 and NAS 5-3669. 
p ro jec t s  have been issued. This paper i s  intended mainly t o  present  a surmnary 
of t he  r e s u l t s  of i n t e r e s t  t o  designers of power suppl ies  using these c e l l s .  

F ina l  r epor t s  f o r  these  

Nickel-Cadmium Applications 

Auxiliary e lec t rodes  may be used f o r  both overcharge and over-discharge 
con t ro l  of nickel-cadmium sealed ce l l s .  

Charge Control 

Sealed nickel-cadmium c e l l s  are designed so t h a t  they are pos i t i ve  
l imi t ing  on charge. 
e lec t rode  as t h e  pos i t i ve  e lec t rode  approaches f u l l  charge and is reduced a t  
the  negative cadmium electrode.  

Oxygen i s  then l i b e r a t e d  a t  the  pos i t i ve  n i cke l  hydroxide 

A s  a r e s u l t  of balanced evolution and recombination of oxygen, a conven- 
t i o n a l  sea led  c e l l  i s  capable of continuous overcharge a t  r a t e s  up t o  about ~ / 6 .  

By incorporating a high performance gas e lec t rode  i n t o  the  c e l l  and 

I n  addi t ion,  a 
a t tach ing  it t o  the  negative terminal through a d e f i n i t e  res i s tance  the  
recombination of oxygen wi th in  t h e  c e l l  can be improved. 
d e f i n i t e  s igna l  (vo l tage)  change can be detected between t h e  negative t e rmisa l  
and the  gas e lec t rode  (here in  referred t o  as the  3rd e lec t rode)  when oxygen i s  
evolved from the pos i t i ve  p l a t e  at the onset of overcharge. 

Pro tec t ion  Against Overdischarge 

When a b a t t e r y  of c e l l s  i s  completely discharged, the lowest capaci ty  
c e l l s  w i l l  be overdischarged and one or both  e lec t rodes  may reverse,  generate 
gas by e l e c t r o l y t e  e l e c t r o l y s i s .  

To insure aga ins t  c e l l  capacity lo s ses  due t o  negative p l a t e  fading and 
minimize problems wi th  oxygen evolution generating a premature charge cont ro l  
s igna l ,  a c e l l  w a s  designed which was pos i t ive- l imi t ing  on discharge.  
manner hydrogen i s  evolved from the  pos i t i ve  p l a t e  when it is reversed. 

13 t h i s  
If we 

3 -1 



PIC-BAT 20g/g 

a t t a c h  t h i s  overdischarge cont ro l  e lec t rode  (here in  c a l l e d  the  4 th  e lec t rode)  
t o  the  negative c e l l  terminal  through a low res i s tance ,  we have a completed 
c i rcu i t .  f o r  recombination of t he  hydrogen. 
present ,  t he  4 th  electrode w i l l  become more negative than  the  cadmium 
e lec t rade  and hydrogen w i l l  be oxidized i n  preference t o  the  cadmium. When 
the cadmium electrode i s  s t i l l  i n  the  charged state, the r a t e  of recombination 
i s  very slow since the d i f fe rence  i n  E O ' S  i s  only about 20 mv. However, if 
c e l l  r eve r sa l  i s  takirg place a t  a high r a t e ,  the cadmium e lec t rode  soon 
becomes discharged, forcing the  E O  of cadmium t o  be much more pos i t i ve .  A s  
?.his occurs, t he  gas (or 4 th )  e lec t rode  has a g r e a t e r  dr iv ing  force  ava i lab le  
and can reac t  with t h e  hydrogen a t  s i g n i f i c a n t l y  higher r a t e s .  
has shown that, these gas e lec t rodes  work wel l  a t  current  dens i t i e s  of over 
100 ma/cm2 continuously. 

When s u f f i c i e n t  hydrogen i s  

Fuel c e l l  work 

I n  order t o  prevent excessive pressure bu i ld  up during reversa l ,  c e l l s  
were designed s o  t h a t  t he  cadmium p l a t e s  would reverse soon a f t e r  the  pos i t i ve  
n icke l  and thereby quickly develop t h e  l a rge  P E  required f o r  rap id  oxidat ion 
of hydrogen. 

G a s  Electrode Select ion 

I n  order  t o  insure  e f f i c i e n t  operat ion and rap id  combination of evolved 
gas it w a s  decided t o  use proven Teflon-wetproofed f u e l  c e l l  e lec t rodes  as the  
3rd and 4 th  electrode materials. 
t e s t i n g  and se lec t ion  f o r  nickel-cadmium c e l l s  can be found i n  the  f i n a l  repor t  
of NASA Contract NAS 5-3707. 

A more de t a i l ed  discussion of e lec t rode  

Design Considerations - 
The e,bove contract  required t h a t  a c e l l  of nominal 6 AH capac i ty  be 

developed which would be immune t o  damage from both overcharge and over -  
discharge.  I n  order t o  t e s t  t he  c e l l ' s  capab i l i t y  t o  withstand such operat ion 
the  following t e s t  cycle  w a s  proposed: 

a. 
b. 
c.  
d. 

Charge a t  1.615 amps f o r  65 minutes (105 amp min). 
Discharge at 3.0 amps f o r  35 minutes (105 amp min). 
Charge a t  1.615 amps f o r  65 minutes (1.05 amp min) . 
Discharge a t  3.0 amps f o r  50 minutes (150 amp min). 

The c e l l  had t o  be able  t o  withstand 200 of the above cycles  a t  temperatures 
of 4 5 0 ~ ,  25Oc and 5 0 ~ .  

I n  addi t ion ,  the  c e l l  had t o  be capable of being f u l l y  and s a f e l y  charged 
a t  rates ranging from C/10 t o  2C and a t  temperatures from 50°C t o  OOC. 

I n  order t o  accommodate t h e  add i t iona l  e l ec t rodes ,  it w a s  decided t o  bu i ld  
the c e l l  with t w o  ttcovers" containing two insu la t ed  terminals  on the  t o p  cover 
for pos i t i ve  and negative e lec t rodes ,  one bottom te rmina l  f o r  t h e  3rd e lec t rode  
(charge con t ro l )  and the  o ther  insu la ted  bottom te rmina l  f o r  a reference 
e lec t rode .  The can was used as the  4 t h  e l ec t rode  terminal .  

3 -2 
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The i n t e r n a l  construct ion of the  c e l l  i s  shown schematically i n  Figure 1. 
A t h i r d  (charge con t ro l )  e lec t rode  was loca ted  on one edge of the  pack wi th  a 
piece of separa tor  between the  pack and the  e lec t rode .  
PVC w a s  placed between the  electrode and the  c e l l  case for i n su la t ion  and t o  
provide a gas space. The reference electrode,  cons is t ing  of a small piece of 
p a r t i a l l y  charged pos i t i ve  p l a t e ,  was placed on the bottom of the pack assembly 
completely enclosed with a wrap of separator.  Fourth e lec t rodes  were assembled 
on both broad faces  of t he  p l a t e  pack, with a l a y e r  of separa tor  between t h e  
e lec t rode  and the adjacent  negative p l a t e .  Gas space w a s  provided between the 
can and the  electrode by a piece of corrugated PVC. 

A sec t ion  of corrugated 

C e l l  Testing 

The c e l l s  were assembled and t e s t ed  with pressure gages and reference 
e lec t rodes  (cons is t ing  of a p a r t i a l l y  charged pos i t i ve  p l a t e ) .  

On the  f i rs t  overcharge cycle the c e l l s  were charged a t  the  C/2 r a t e  t o  
t h e  s i g n a l  voltage of 0.5 V DC (cont ro l  e lec t rode  t o  negat ive)  and then 
discharged at  the  2 hour rate. The da ta  i s  summarized i n  Table 1. A l l  c e l l s  
gave g r e a t e r  than 6.3 AH capaci ty  on the f i r s t  cycle.  

The da ta  have been p l o t t e d  i n  Figure 2 f o r  c e l l  #2. During charge a 
hydrogen pressure develops due t o  evolution of hydrogen 03 the  aux i l i a ry  
e lec t rode .  It it were considered desirable  t o  minimize t h i s  e f f e c t ,  a some- 
what l a r g e r  r e s i s t o r  could be used t o  replace the  10 milliohm connection. The 
charge cur ren t  being used t o  generate hydrogen during the  e a r l y  s tages  of 
charging a t  t h i s  rate i s  est imated t o  be about 60 mA or about 2% of the t o t a l .  
A t  these charge rates the generation of hydrogen i s  not se r ious  s ince the  
p o t e n t i a l  of the  aux i l i a ry  w i l l  become more negative as t h e  hydrogen pressure 
increases  u n t i l  t he  a u x i l i a r y  po ten t i a l  becomes equal  t o  the  negative a t  which 
time the hydrogen cur ren t  w i l l  be ins igni f icant .  

The hydrogen pressure disappears completely as soon as oxygen starts 
evolving a t  a s i g n i f i c a n t  r a t e  from the pos i t i ve  p l a t e ,  i . e . ,  near the  end 
of the  f u l l  charge. 
w i th  t h e  oxygen.) A t  t h i s  t i m e  t he  voltage between the  con.trol and negative 
e lec t rode  r i s e s  sharply.  The da ta  i n  Table 1 show t h a t  the  aux i l i a ry  t o  
negative cur ren t  a l s o  increases  sharply a t  t h i s  po in t  ind ica t ing  t h a t  the  
oxygen generated on overcharge is  recombining on the aux i l i a ry  electrode.  The 
recombination i s  so  e f f i c i e n t  t h a t  the pressure remains a t  a very low value 
during the  overcharge period. 

(The hydrogen combines chemically on the  c a t a l y s t  surface 

I n  order  t o  measure the  c e l l ' s  capab i l i t y  t o  s u s t a i n  overdischasge, t he  
c e l l s  were cycled as noted before : 

a. Charge 1.615 amps f o r  65 minutes 
b. Discharge a t  3.0 amps f o r  35 minutes 
c .  Charge a t  1.615 amps for 65 minutes 
d. Discharge a t  3.0 amps for 50 minutes. 
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After 200 such cycles, t he  f i rs t  c e l l s  exhibi ted pressures of 15 t o  71 psig.  

I n  addi t ion t o  providing reversa l  protect ion,  t he  4 th  electrode c e l l  a l so  
allows us t o  completely discharge the  c e l l s  p r i p d i c a l l y .  
o f ten  damaging memory e f f e c t  which has been known t o  cause apparent l o s s  of 
b a t t e r y  capacity i n  cycling. 

This destroys the  

I n  Figure 3 i s  shown a schematic f o r  the  c e l l  and c i r c u i t  used t o  
accomplish t h e  reversal  cycle.  
used between the 3rd electrode and the  negative. 
to the negative by a zero-center m e t e r  having a res i s tance  of 17 milliohms. 

It should be noted t h a t  a 10 ohm r e s i s t o r  i s  
The 4 th  electrode i s  connected 

A t y p i c a l  cycle a f t e r  severa l  weeks of operat ion a t  room temperature i s  
shown i n  Figure 4. 

Posi t ive  and negative vol tages  a re  shown wi th  respect  t o  the n icke l  
The hydroxide/nickel reference electrode along with t o t a l  c e l l  voltage.  

pressure and gas recombination current  through the  4th electrode a re  a l so  
shown. The f r e e  gas volume i n  the  c e l l  i s  about 50 cm3. 

It can be seen that t h e  c e l l  de l ivers  83% of the  capaci ty  charged on the 
f i rs t  discharge and 89% on the  second discharge. 

During t h e  ear ly  p a r t  of the  cycle,  hydrogen i s  combining on the  4 t h  
electrode,  decreasing the  pressure and r e su l t i ng  i n  a s l i g h t  cur ren t  flow 
observed on t h e  lower curve. 
evolut ion from the reversed pos i t ive  p l a t e  slows down the rate of pressure 
decay. The pressure continues t o  decay u n t i l  t h e  second deep r eve r sa l  and 
then r i s e s  rapidly u n t i l  the cadmium electrode i s  discharged. 
recombination occurs qui te  rapidly.  

During the  f i r s t  sho r t  reversa l ,  hydrogen 

A t  t h i s  point  

Cel ls  operate s imi l a r ly  a t  temperatures of O°C t o  400C, the  only difference 
being t h a t  recombination occurs more rap id ly  at  the  higher temperatures and 
consequently lower pressures  a re  observed. 

Detailed data from some of the production c e l l s  a t  25OC i s  given i n  Table 
2. 

Additional Test Data 

Although the 4 th  e lec t rode  c e l l  w a s  developed t o  provide r eve r sa l  protec-  
t i o n ,  it has shown the  value of addi t iona l  e lec t rode  area f o r  overcharge con t ro l .  
To fu r the r  invest igate  the  phenomenon of high rate charge con t ro l  s eve ra l  c e l l s  
of 6 AH nominal capacity were constructed with l a rge  gas e lec t rodes  assembled 
t o  t he  s ides  of the pack and connected ex te rna l ly  t o  t h e  negative c e l l  terminal.  

One of t h e  c e l l s  w a s  operated on a 90 minute duty cycle,  charging f o r  60 
minutes a t  5.0 amp and discharging a t  6.0 amps f o r  30 minutes. 
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This corresponds t o  166% recharge. It w a s  hoped t h a t  by t h i s  method we 
might e l iminate  the  problem of in su f f i c i en t  overcharge, from which o the r  3rd 
e lec t rode  c e l l s  seem t o  su f fe r ,  on deep discharge cycles.  The c e l l  w a s  main- 
ta ined  a t  room temperature throughout t h e  t e s t ,  and operated f o r  900 cycles 
before it f a i l e d  because of an in t e rna l  shor t .  The performance w a s  remarkably 
stable throughout c e l l  l i f e  as can be seen from the  discharge curves of Figure 
5. 
exceeded +5 psig.  

Maximum charging voltage reached w a s  1 .51  v o l t s ,  and c e l l  pressure never 

A second c e l l  w a s  t e s t e d  t o  determine s t a b i l i z a t i o n  of c e l l  pressure and 
vol tages  during high rate overcharges. It was a l s o  des i red  t o  determine the  
capac i ty  of t he  c e l l  when charged i n  t h i s  manner. 
amps and 6.0 amps u n t i l  pressure and vol tage s t ab i l i zed .  
c a r r i e d  out i n  a water ba th  maintained a t  2 5 O C ,  O°C and 400C. 

The c e l l  w a s  charged a t  3.0 
The t e s t s  were 

The mode of operat ion w a s  that the  c e l l  would develop maximum pressure up 
u n t i l  f u l l  charge w a s  obtained, due t o  hydrogen evolut ion from the  gas 
e lec t rodes .  
pos i t i ve  p l a t e  and t h i s  combined c a t a l y t i c a l l y  wi th  the  hydrogen i n  the  c e l l  t o  
reduce the pressure.  
t he  evolu t ion  of oxygen had begun pressure would remain a t  no more than  a few 
pounds above atmospheric. Summary d a t a  of operat ion are shcwn i n  Table 3. 

When f u l l  charge w a s  obtained oxygen w a s  l i b e r a t e d  from the 

A t  no time did c e l l  pressure exceed +3O ps ig  and after 

An add i t iona l  t e s t  w a s  s t a r t e d  t o  determine i f  continuous high r a t e  over- 
charge would have an e f f e c t  on t h e  l i f e  or capac i ty  of t h e  c e l l ,  providing 
temperature w a s  kept under control .  
C rate a t  room temperature, t he  c e l l  s t i l l  maintained b e t t e r  than nominal 
capaci ty .  
s t a b i l i z e d  a t  about 1.51 v o l t s ,  and pressure s t a b i l i z e d  a t  about +2 psig.  
t e s t  i s  continuing. 

A f t e r  7 days of continuous charge a t  the  

Charging voltage A f t e r  30 days capaci ty  was about 95% of nominal. 
This 

Future Applications 

Possible  appl ica t ions  f o r  3rd and 4 t h  e lec t rode  c e l l s  f o r  commercial as 
w e l l  as m i l i t a r y  uses a re  m a n y .  

The four  e lec t rode  c e l l  may f i n d  use i n  the  aerospace f i e l d  where high 
r a t e  charge cu t  off  would be desirable .  Should the  charge cu t  of f  f a i l ,  the  
l a r g e r  e lec t rodes  would provide pro tec t ion  by consuming gas evolved on over- 
charge. I n  these  cases la rge  amounts of heat would be generated, however, and 
this would have t o  be d iss ipa ted  through the  veh ic l e ' s  r ad ia to r .  The fou r th  
e l ec t rode  would provide pro tec t ion  against  un in ten t iona l  c e l l  reversa l ,  or 
could be u t i l i z e d  i f  it is  des i red  t o  completely discharge a b a t t e r y  t o  destroy 
memory e f f e c t s .  

It might a l s o  be possible  t o  employ sealed c e l l s  i n  many cases where 
f looded c e l l s  are  now used, such as f o r  a i r c r a f t  s t a r t i n g ,  where it i s  
necessary t o  recharge rapidly.  
c e l l  t o  accommodate the  required high r a t e  charging. U s e  of sealed c e l l s  i n  
these  appl ica t ions  would g r e a t l y  reduce maintenance problems a 

I n  many cases,  it i s  necessary t o  use a flooded 



S i l v e r  Ce l l  A m l i c a t i o n  

The use of auxi l la ry  e lec t rodes  i n  s i l v e r  c e l l s  i s  pr imari ly ,  if not 
so le ly ,  f o r  recombination of hydrogen or oxygen generated i n  the  c e l l  during 
use. The electrodes promote the  recombination of these  gases and thus allow 
sealed c e l l  operation without excessive pressure r i s e .  The bene f i t s  are : 

a. A sealed c e l l  design f o r  both silver-cadmium and f o r  s i l ve r - z inc  c e l l s  
i s  feasible. 

b. Bat tery packaging can be m i n i m a l ,  s ince  cons t ra in t  of pressure during 
operation i s  not needed. 

c. Cel l s  r e t a i n  charge balance, s ince no material i s  vented on cycling. 

The pr inc ipa l  disadvantage i s  an increase i n  c e l l  s i z e ;  however, t h i s  
increase may not be necessary i n  some designs. 

The auxi l ia ry  e lec t rode  mater ia ls  used i n  our s i l v e r  c e l l  inves t iga t ions  
a re  summarized i n  Table 4. 
mixing the  ca t a lys t ,  e l ec t ron  c a r r i e r  and Teflon binder  i n t o  a smooth paste  and 
spreading it on a wire mesh o r  screen i n  a t h i n  layer .  
a t  pressures  up t o  5000 p s i  and the  Teflon binder  s in t e red  a t  350° - 3 7 5 O C .  A 
second t h i n  l aye r  of Teflon i s  s in t e red  on one s ide  of t h e  e lec t rode  t o  give 
increased waterproofing. T h i s  "dry" s ide  i s  placed i n  the  c e l l  so t h a t  it faces  
the  gas space. The " w e t "  s ide  i s  placed i n  contact  with c e l l  e l e c t r o l y t e  held 
i n  separator  material .  

Unless otherwise noted, t h e  e lec t rodes  are made by 

This l a y e r  i s  pressed 

The cur ren t  dens i t i e s  shown are f o r  continuous use, and can be exceeded for 
shor t  periods of %ime  without damage t o  the  e lec t rode .  I n  use, oxygen should 
never be evolved from any of t h e  e lec t rode  materials shown by e l e c t r o l y s i s  as 
t h i s  i s  genera l ly  des t ruc t ive  of the  e lec t rode  s t ruc tu re .  Evolution of hydrogen 
is  permissible at r a t e s  not exceeding t h e  combining rates shown. 

The cur ren t  dens i t i e s  shown i n  the  table a r e  f o r  operat ion at  25OC. O p e r -  
a t i o n  a t  higher temperatures up t o  l l O ° C  i s  poss ib le  although some shortening of 
l i f e  w i l l  be observed a t  temperatures much above 65%. 
(allowable current dens i ty  a t  any f ixed  e lec t rode  vol tage)  increases  markedly 
wi th  increase i n  temperature. The performance fa l l s  wi th  decrease i n  temper- 
a ture ;  f o r  oxygen e lec t rodes  with platinum c a t a l y s t  t he  f a l l  of f  i s  t o  8@ a t  
O°C; f o r  hydrogen e lec t rodes  wi th  platinum c a t a l y s t ,  the f a l l  o f f  i s  t o  about 
60% a t  OOC. 
oxygen has not been measured below room temperature i n  detai l .  

The e lec t rode  performance 

The performance of t he  non-platinum-catalyzed e lec t rodes  f o r  

c 

The e a r l y  auxi l ia ry  e lec t rodes  were a c t u a l l y  pieces  of experimental  f u e l  
c e l l  e lec t rodes  and did not have optimum prope r t i e s  f o r  a u x i l i a r y  use. 
p a r t i c u l a r ,  mixtures of palladium and platinum black  were used as t h e  c a t a l y s t  
f o r  the  standard type electrode;  the  presence of palladium has been found t o  be 
undesirable for c e l l  use s ince it tends t o  d isso lve  on stand. The l a t e s t  
mater ia l s  for auxi l ia ry  e lec t rodes  do not use any palladium i n  t h e i r  ConStruC- 
t i o n .  

I n  
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The migration of s i l v e r ,  n icke l  or platinum from the  aux i l i a ry  e lec t rode  
in silver-cadmium c e l l s  i s  of l i t t l e  concern s ince  the  e f f e c t  on e i t h e r  t he  
s i l v e r  e lec t rode  or cadmium electrode i s  n i l .  However, migration of any of 
these metals t o  zinc e lec t rodes  i n  s i lver -z inc  c e l l s  w i l l  be undesirable.  
Hence, non-leaching e lec t rodes  a re  desirable.  Fortunately,  i n  s i lver -z inc  
cel . ls ,  the  e lectrode i s  used t o  recombine hydrogen, which keeps the  metals 
reduced and prevents the  loss of s m a l l  amounts i n  so lu t ion .  

The construct ion o r  modification of s i l v e r  c e l l s  t o  incorporate a u x i l i a r y  
e lec t rodes  can be var ied  from placing a s m a l l  e lec t rode  on t o p  of the e lec t rode  
pack, placing l a r g e r  e lec t rodes  along the  s ides  of t h e  electrode pack, or 
placing e lec t rodes  whose cross-sect ional  area i s  about the same as the  c e l l  
e lec t rode  on the  s ides  of the  pack. In  any design, pro tec t ion  of the  a u x i l i a r y  
e lec t rode  from "drowning" or being covered wi th  e l e c t r o l y t e  i s  needed. 
Auxil iary e lec t rode  c e l l s  a re  described i n  the f i n a l  repor t s  i n  more detai l .  
Comection t o  c e l l  e lec t rodes  can be external or i n t e rna l .  

A u x i l i a r y  e lec t rodes  have been t e s t e d  f o r  silver-cadmium c e l l s  f o r  over a 
year  t o  date. The r e s u l t s  show t h a t  c e l l s  capable of being overcharged a t  rates 
up t o  C/10 can be made using a single a u x i l i a r y  e lec t rode  whose c ross -sec t iona l  
area i s  equal  t o  the area of a single p l a t e .  Better performance i s  obtained i f  
an e l e c t r o l y t e  r e se rvo i r  i s  supplied t o  keep the  separa tors  wet during o p e r a t i o n  

I n  one t e s t  ca r r i ed  out i n  our l abora to r i e s ,  a battery of s i x  5 ampere- 
hour silver-cadmium c e l l s  w i t h  auxi l ia ry  e lec t rodes  were placed on continuous 
overcharge a t  constant vol tage of 9.12 'r 0.06 v o l t s  (average 1.52 -I- 0.01 v o l t s /  
c e l l )  f o r  over e igh t  months. The auxi l ia ry  e lec t rodes  were l e f t  unconnected t o  
determine t h e  gas recombination behavior. The r e s u l t s  can be summarized as 
fol lows:  The pressure i n  the  c e l l  rose slowly t o  25-30 p s i a  during t h e  f i rs t  
f e w  weeks, then  suddenly f e l l  t o  less  than 5 p s i a  during the  f i rs t  f e w  weeks, 
then f o r  the  remainder of the  charge. A l l  ind iv idua l  c e l l  vol tages  remained i n  
the  range of 1.52 f 0.11 v o l t s  over the period, and a l l  c e l l s  gave discharge 
capac i t i e s  a t  end of charging of over 7 ampere-hours. 

13 this ba t t e ry ,  attempts t o  charge the cel ls  later i n  the  t es t  program 
with t h e  aux i l i a ry  e lec t rodes  attached t o  the cadmium e lec t rode  f a i l e d ,  s ince 
s i l v e r  dendr i tes  had formed connecting t h e  aux i l i a ry  e lec t rode  t o  the  pos i t ive .  
These dendr i tes  were very f r a g i l e  as they were broken by mere handling of t he  
c e l l .  The r e s u l t s  are given i n  d e t a i l  i n  the  f i n a l  repor t  f o r  KAS 5-3669. 

I n  s i l ve r - z inc  c e l l s ,  auxi l ia ry  e lec t rodes  containing platinum c a t a l y s t s  
cannot be connected t o  the  zinc electrode,  as the self-discharge of zinc i s  
g r e a t l y  enhanced. 
through a diode. Eowever, if platinum-catalyzed hydrogen electrodes are used, 
t hese  can be at tached d i r e c t l y  t o  the s i l v e r  e lec t rode  without inducing self- 
discharge; these  e lec t rodes  w i l l  remove any oxygen generated i n  the  c e l l  by 
ca ta lyz ing  the  d i r e c t  combination of hydrogen and oxygen. I n  the presence of 
excess  hydrogen, t h e  combination rate  i s  s u f f i c i e n t  t o  prevent build-up of 
oxygen pressure a t  any reasonable rates of oxygen generat ion on overcharge, 
thus  preventing formation o f  explosive mixtures. I n  our t e s t s ,  no s i g n  of 

S i l v e r  and spinel  e lec t rodes  can be used if  they are at tached 
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explosion, e t c .  have ever  been observed i n  s i l v e r  c e l l  work. A t  high rates 
(1C o r  l a r g e r )  rapid combination of oxygen and hydrogen may r e s u l t  i n  over- 
heat ing the  electrode c a t a l y s t .  

The use of platinum-catalyzed aux i l i a ry  e lec t rodes  i n  s i lver -z inc  c e l l s  
t o  recombine the hydrogen formed during charge and s tand allows sea l ing  of t he  
c e l l .  
and hence no oxygen aux i l i a ry  e lec t rode  i s  needed i f  the  hydrogen aux i l i a ry  i s  
provided . 

Any oxygen formed during charging w i l l  be removed by d i r e c t  combination, 

I n  summary, the  use of auxiliary e lec t rodes  i n  s i l v e r  c e l l s  permits use of 
Non- sea led  c e l l  designs t h a t  can operate a t  low pressures  wi th  proper design. 

magnetic type electrodes a re  ava i lab le .  Both hydrogen and oxygen can be 
recombined. Since s i l v e r  c e l l s  should not be overcharged at high r a t e s ,  
r e l a t i v e l y  s m a l l  auxiliaries su f f i ce ,  and the  major cos t  is  a s m a l l  increase i n  
c e l l  s i z e  t o  a l l o w  f o r  gas passages, and a proport ionately much smaller increase 
i n  weight . 

. 
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Charge Rate 
b P S  

3.0 

6.0 

3.0 

6.0 

3.0 

6.0 

6.0 

6.0 

Temp 
OC 

25 

25 

0 

0 

40 

40 

25 

0 

HIGH RATE OVERCHARGE DATA 

6 f%3 CELL 

Stabi l ized 
Volts PS i g  

1.45 - 3  

1.53 +11 

1- 59 + 4  

1.66 +17 

1.39 0 

1.44 +11 

1 - 5 5  +12 

1.66 +16 

Discharged AH 
C Rate 

5 -7  

5.2 

4.4 

3.3 

5 - 5  

5.8 

6.0 

4.5 
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TABU 4 

AUXILIARY ELJ3CTRODE MATERIAL CHARACTERISTICS 

Platinum Black 

Platinum Black 

S i lve r  Flake 

I Type 

Nickel 50 495 

S i l v e r  50 475,677 

S i l v e r  0.2-0.5 5 , w  

Standard 

Modified Std.  

Silver-Powde r 

S i l v e  r -Me s h I 
S i l v e r  -Spine 1 I 
S i l v e r  -Carbon 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

a. 

9.  

10. 

Catalyst  I Electron I Continuous I Remarks 
Carr ie r  Drain 

-- I -- 
0.1-0.2 I 

Spinel  - 1  S i l v e r  I 3-5 

I S i l v e r  
S i l v e r  Carbon 

I Nickel I I 

Unl?ss otherwise noted, e lec t rode  i s  a mixture of c a t a l y s t ,  e l e c t r o n  c a r r i e r ,  
and Teflon pasted on backing screen and pressed t o  s i n t e r  Teflon a t  35Oo-375OC. 

Screen and the  f lake metal added t o  mix a re  of t he  same metal i n  a l l  cases.  

R a t i n g  f o r  gas pressure of 150 mm at room tempersture i n  ma/cm2. 

Recombines hydrogen. 

Recomb ine s oxygen 

Non-magnetic s t ruc ture  

S i l f l a k e  131 (Handy & Harmon) used as c a t a l y s t .  

Designer 's  Metals expanded s i l v e r  metal  mask AG-079-2 used without water- 
proof ing or other treatment.  

Spine l  w a s  cobalt  aluminate C0A1204, made by sintering s toichiometr ic  
mixture of t he  metal n i t r a t e s  a t  550°C: i n  oxygen. 

S i l v e r  Carbon Catalyst  i s  a propr ie ta ry  carbon impregnated wi th  highly ac t ive  
d ispers ion  of s i lver .  This e lec t rode  has not been t e s t e d  i n  working c e l l s  t o  
date; t e s t  data,  however, i s  commensurable wi th  o the r  e l ec t rode  data. 
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THE ADSORBED HYDROGEN ELECTRODE * 
Gulton Indus t r ies ,  Inc. 

Metuchen , N. J. 

The Adsorbed Hydrogen Electrode reduces oxygen by a mechanism best  
explained employing hydro en atoms, An acronym fo r  t h i s  lengthy e lec t rode  
descr ip t ion  is Adhydrode Q . 

The na ture  of e lectrode processes depends upon the  electrode material ,  
e l e c t r o l y t e  concentration, pH, temperature, and e lec t rode  po ten t i a l .  Under 
ba t t e ry  conditions using the  Adhydrode mater ia l ,  8N aqueous potassium hy- 
droxide near room temperature and maintaining a po ten t i a l  i n  t he  neighbor- 
hood of -0.8 v o l t  (versus a standard hydrogen e lec t rode) ,  and a p a r t i a l  
p ressure  of oxygen i n  excess of 10 PSIA, the  oxygen reduction presumably 
occurs v i a  the proposed mechanism. Under other  conditions,  o r  with d i f -  
f e r en t  e lec t rode  mater ia l s ,  oxygen reduction may occur through a d i f f e r e n t  
mechanism. 

The Adhydrode is  being incorporated i n t o  c e l l s  i n  two d i f f e r e n t  
manners. I n  one mode of use,  a small Adhydrode is employed. A r e s i s t o r  
of 0.1 t o  5 ohms maintains the  poten t ia l  of t he  Adhydrode a t  the  poten- 
t i a l  of the cadmium electrode.  When oxygen is  released by the pos i t i ve  
e lec t rode ,  some of it i s  reduced a t  the Adhydrode. This upsets  the  equi l -  
ibrium conditions and causes a flow of current  through the r e s i s t o r .  The 
p o t e n t i a l  thus developed cons t i tu tes  a s igna l  which is  then employed t o  
i n t e r r u p t  the charge. 

The second mode of use i s  t o  have enough Adhydrode material  i n  the  
c e l l  t o  s ign i f i can t ly  enhance the  overcharge capabi l i ty .  This i s  termed 
the  "passive Adhydrode", whereas the former mode of usage has been termed 
the  "act ive Adhydrode". 

The ac t ive  Adhydrode i s  readi ly  incorporated i n t o  space c e l l s  as shown 
i n  F igure  1. 
t e s t e d  by several  groups including NAD, Crane. 
the  a c t i v e  Adhydrode have been used fo r  a 100 AH sealed c e l l  being made 
f o r  NASAILangley. 

Such c e l l s  have been supplied t o  NASA/GSFC and are  being 
Other means of including 

The passive Adhydrode is  most readi ly  incorporated i n t o  c e l l s  t h a t  
have but  a few e lectrodes,  such as button c e l l s .  VO-.250 A button c e l l s ,  
now i n  production, a r e  capable of being charged and continuously over- 
charged a t  the C/4 ra te .  

* Paper prepared by the  Research Laboratory S taf f  of Gulton 
Indus t r ies  fo r  the  LAPG. 
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An i n t e re s t ing  use of the passive Adhydrode has been i n  pr ismatic  
space c e l l s  ordered by M r .  E. Stroup of NASAIGoddard. These c e l l s  were 
spec ia l ly  designed t o  contain more Adhydrode a rea  than a c t i v e  material  
a rea .  
and continuously overcharged a t  t he  C / 1  r a t e  f o r  10 days a t  - 1 O O C .  
of these c e l l s  have already been del ivered a f t e r  s a t i s f ac to ry  t e s t i n g  i n  
our laboratory.  

The purpose of t h i s  design was t o  have a c e l l  t h a t  could be charged 
Thir ty  

Theory 

A model for  c e l l s  containing the Adhydrode i s  given i n  Figure 2. The 
c e l l  contains a pos i t i ve  electrode (+), a cadmium e lec t rode  (-), and the  
t h i r d  electrode.  The c e l l  container i s  indicated by the dashed l i n e .  The 
t h i r d  electrode i s  connected t o  the  negative e lec t rode  through the r e s i s t o r ,  
R.  

When the re  is  very l i t t l e  or  no oxygen i n  the c e l l ,  the  t h i r d  e lec t rode  
i s  very close t o  t he  po ten t i a l  of the negative e lec t rode  and the  flow of 
current  i s  small. Now, consider the s i t u a t i o n  when oxygen i s  present  i n  
the system while the  negative electrode i s  i n  a charged s t a t e ,  but on open 
c i r c u i t .  The source of the  oxygen may equally we l l ,  fo r  our purpose, be 
injected i n t o  the c e l l  or  come from an overcharge of the  pos i t i ve  elec- 
t rode.  For t h i s  condi t ion,  the  following reac t ions  were elucidated:  

k 

i 
j 2H20 (1) 

4H20 + 4e- (M) 40” + 4H - (M) (2) 

02 + 4H - (M) 

i 2Cd + 40H- d 2Cd(OH)2 + 4e- (3) 

overa 11 

The symbol k i s  the  spec i f i c  r a t e  constant fo r  a chemical s t e p ,  while  the  
i ’ s  ind ica te  the electrochemical s teps .  In the ove ra l l  reac t ion  the  nega- 
t i v e  e lec t rode  is discharged. 

I f  the  experimental conditions a r e  changed t o  t h a t  of overcharge, then 
the  source of oxygen is  from the pos i t i ve  e lec t rode .  
unequivocably s ta ted  tha t  the  so l e  source of e l ec t rons  is  the  negat ive 
e lec t rode .  
occur with electrons exclusively from t h e  charge process ,  but t h i s  does not  
resolve the  question on the  source of e l ec t rons  during overcharge, and, f o r  
p r a c t i c a l  purposes, more de t a i l ed  knowledge i s  not  required.  

It can no longer be 

It can be shown experimentally t h a t  t h i s  reac t ion  can indeed 

For the  Adhydrode, when oxygen removes t h e  hydrogen atoms (equa. I ) ,  
then reac t ion  2 must proceed t o  replace hydrogen on the  vacant s i tes .  
requi res  the electrons which a r e  supplied by r eac t ion  3 ,  and i n  t h i s  way, 
a flow of e lectrons through tile resi.st.or R of Figure 2 occurs.  
current  i s  considered t o  cause the  reverse  of equa. 3 s o  t h a t  a t  a steady 
s t a t e ,  the s t a t e  of charge of  the nep,ative e l ec t rode  i s  unal tered.  

This 

The charge 
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I f  t he  value of r e s i s t o r  R i s  reduced t o  zero,  the  s i t u a t i o n  f o r  
the  passive Adhydrode is  obtained. The recombination ra te  w i l l  be a func- 
t i o n  of the p a r t i a l  pressure of oxygen and area of Adhydrode. 

Adhydrode Control C i rcu i t s  

From a complete power system point of view, the Adhydrode i s  a t rans-  
ducer which gives an e l e c t r i c a l  response proport ional  t o  the  oxygen pressure 
present  i n  a nickel-cadmium or  silver-cadmium c e l l .  
i s  detected and used t o  control  the ba t t e ry  charger. 

This e l e c t r i c a l  s igna l  

For laboratory evaluat ion of the Adhydrode concept, t he  c i r c u i t  shown 
i n  Figure 3 i s  one of the simplest  t o  construct .  The ba t te ry  charger can 
be any power supply capable of a constant current  output and a b l e  t o  meet 
the  power requirements of the bat tery.  
khe charger suppl ies  current  t o  the c e l l .  
Adhydrode t o  give a f a l s e  s igna l  which w i l l  last  a few seconds. 
t h i s  f a l s e  s igna l  from in t e r f e r ing  with charging, a t i m e  delay r e l ay  is  
placed i n  the  c i r c u i t ,  s o  t h a t  i t  i s  opened 45 seconds a f t e r  charging be- 
gins .  The f a c t  t h a t  the  contacts  of t he  t i m e  delay r e l ay  shor t  terminals  l 
and 2 of  t he  meter r e l ay ,  causes the meter re lay  t o  ignore the  f a l s e  s igna l .  
Thus, charging current  cannot be interrupted during the  f i r s t  45 seconds of 
charging, which is  more than enough t i m e  f o r  the  f a l s e  s igna l  t o  decay. 
When oxygen pressure i n  t h e  ce l l  increases t o  a value s u f f i c i e n t  t o  cause 
the  Adhydrode t o  generate a s igna l  capable of t r ipp ing  the  meter r e l ay ,  
contac ts  MR1 and MR2 open. When MR1 opens, charging current  is  terminated. 
MR2 is  opened t o  prevent a high Adhydrode s igna l  from overloading the  meter 
re lay .  

When the  c i r c u i t  i s  f i r s t  energized, 
This current  surge causes the  

To prevent 

A block diagram of a c i r c u i t  which can be used i n  a space power system 
is  shown i n  Figure 4. This c i r c u i t  i s  designed t o  terminate charging cur- 
r e n t  when the  Adhydrode t o  cadmium current  of e i t h e r  of two c e l l s  reaches 
a pre-selected leve l .  This system may be extended t o  operate  on any number 
of Adhydrode c e l l s .  The d i r e c t  current s igna l s  of both Adhydrode c e l l s  
a r e  converted t o  pulsa t ing  currents  by the  choppers which are s t a t i c  on-off 
switches dr iven by a mul t iv ibra tor .  The outputs of the  choppers are  con- 
nected t o  separa te  transformers which i s o l a t e  each Adhydrode c e l l .  I s o l a t i n g  
the  Adhydrode c e l l s  a t  t h i s  po in t  allows the  remainder of the  c i r c u i t  t o  
be grounded without short ing e i t h e r  c e l l .  Grounding i s  necessary because 
it reduces e l e c t r i c a l  in te r fe rence ,  and allows equal de tec t ion  of both 
Adhydrode s igna ls .  

The output of t he  i so l a t ion  transformers are  amplified by conventional 

A t  tho, output of the  demodulators, t he re  are 
A.C. ampl i f ie rs .  
f i l t e r e d  by the  demodulators. 
two D.C. s i gna l s  which are proportional t o  each of the  Adhydrode s igna l s .  
These s igna l s  are fed i n t o  a modified Schmitt t r i gge r .  
output  s igna l s  of both Adhydrode ce l l s  a r e  below a se lec ted  level ,  t he  out- 
pu t  of  the  Schmitt t r i gge r  permits the e l ec t ron ic  switch t o  conduct charging 
cu r ren t  from the  charger t o  the ce l l s .  When one o r  both of t h e  amplified 
Adhydrode s igna l s  are above the selected l eve l ,  t he  output of t he  Schmitt 
t r i g g e r  causes the  e l ec t ron ic  switch t o  terminate the charging current .  
e l e c t r o n i c  switch i s  designed t o  always permit the flow of  current  i n  the  
discharge d i r ec t ion .  

The amplified,  A.C., Adhydrode s igna l s  a re  r e c t i f i e d  and 

When the  amplified 

The 
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Figure 5 shows t h e  a c t u a l  network which w i l l  perform t h e  same function 
as t h e  block diagram i n  Figure 4 .  The choppers used should have a low in-  
put impedance and a low e r r o r  vol tage througliout the  temperature range 
desired.  
a r e  designed for a s t a b i l i z e d  gain throughout a wide temperature range. 
Transformers T2 and T4 a r e  required f o r  f u l l  wave r e c t i f i c a t i o n  of the 
A.C.  Adhydrode s igna ls .  They should have a wide frequency pass  band so 
t h a t  d i s t o r t i o n  of t he  s igna l s  i s  kept t o  a minimum. The f i l t e r e d  D.C. 
s i gna l s  w i l l  cause t r a n s i s t o r s  Q5 o r  Q6 t o  conduct when one o f  them exceeds 
the  level  of the voltage across  r e s i s t o r  R 1 .  When t h i s  happens, t he  
co l l ec to r  voltage of 4 7  w i l l  f a l l  t o  almost ground p o t e n t i a l .  This prevents 
t he  zener diode Z 1  from conducting and tu rns  o f f  t r a n s i s t o r s  Qg and Q g ,  
thus terminating the  charging current  which had been flowing through QCJ. 
Diode D 1  allows the  c e l l s  t o  be discharged whenever ex te rna l  loads r equ i r e  
i t .  

Transis tors  Q1, 4 2 ,  and Q 3 ,  44 form both A.C. ampl i f i e r s .  They 

Adh yd r ode Ch a r a c t  e r  is t 'i c s 

The Adhydrode a c t s  as a self-generat ing transducer. I t s  presence i n  
the  c e l l  i s  unobtrusive u n t i l  oxygen i s  produced by t h e  charge process.  
A t  t h i s  t i m e ,  a wide range of usage becomes ava i l ab le  based upon the  load 
r e s i s t o r  between the  Adhydrode and the  negative electrode.  This i s  exem- 
p l i f i e d  i n  Figure 6 ,  which dep ic t s  the  power t r a n s f e r  c h a r a c t e r i s t i c s  and 
Figure 7 ,  where t h e  s igna l  i s  shown as a function of pressure.  These da t a  
were taken i n  s ix  ampere hour c e l l s  (VO-6HSAD). When t h e  load r e s i s t o r  i s  
smal l ,  t h e  s ignal  i s  due t o  a l a r g e  cur ren t .  The l i m i t  of  ze ro  i s ,  of 
course, t he  case of t h e  passive Adhydrode. When the  load r e s i s t o r  i s  
g rea t e r ,  then the s igna l  cons i s t s  of a l a rge  vol tage a t  low current .  A t  
intermediate values, a maximum power t r a n s f e r  t o  t h e  load i s  obtained. This 
i s  s imi l a r  t o ,  but n o t  i d e n t i c a l  wi th ,  t he  usual  power t r a n s f e r  considera- 
t i o n s .  When t rea ted  as a source of EMF and an  i n t e r n a l  r e s i s t a n c e ,  i t  i s  
found t h a t  the  value of EMF changes when considering a constant i n t e r n a l  
r e s i s t ance .  Conversely, considering a constant EMF, t h e  i n t e r n a l  r e s i s t a n c e  
changes. 

The si.gna1 i n  Figure 7 i s  t h e  vol tage ac ross  t h e  r e s i s t o r .  The Ad- 
hydrode is  considered t o  be a cur ren t  source,  and, as such, t h i s  s o r t  of 
p l o t  appears to favor the  100 ohm load. In a p l o t  of Adhydrode current  
instead of voltage,  the  0.5 ohm load would appear more favorable.  An 
important s ignif icance of Figure 7 i s  t h a t  i t  shows t h a t  any mismatches 
i n  t h e  Adhydrode s igna l  may be compensated by ad jus t ing  t h e  load r e s i s t o r .  

The value of Adhydrode load a l s o  .influences t h e  pressure decay charac- 
t e r i s t i c s  of a c e l l .  
with a 0.5 ohm load r e s i s t o r .  When the load r e s i s t o r  i s  increased, t h e  
current  i s  correspondingly smaller.  A t  l a rge  enough values ,  t h e  ac t ive  
Adhydrode provides no enhancement o f  the  pressure  decay c h a r a c t e r i s t i c s .  

Figure 8 shows the  pressure decay i n  a VO-6HSAD c e l l  

The advantages of t h i r d  electrodes a r e  found when charging c e l l s  a t  r a t e s  
exceeding those present ly  recommended , namely , g r e a t e r  than t h e  C / 1 0  rate.  
Data obtained a t  the  Engineered Magnet-ics Division of Gulton I n d u s t r i e s  are 
shown i n  Figure 9 .  These a r e  the  Adhydrode s i g n a l  ac ross  a 1 ohm r e s i s t o r  
during charge a t  the C / 3 ,  C / 2 ,  and C / 1  r a t e s ,  Also, from t h e  same labora- 
t o ry ,  t h e  e f f ec t  o f  temperature on the  Adhydrode s igna l  i s  shown i n  
F igure  10. The behavior of t he  curve corresponding t o  l l p ~  corresponds 
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t o  t h e  known pressure behavior of t h e  nickel-cadmium system. 

An example of a VO-6 HSAD c e l l  i n  cycle  i s  shown i n  Figure 11. The 
charge r a t e  i s  5.4 amperes and the  discharge ra te  i s  4.5 amperes f o r  
62 minutes (50% depth of discharge).  
mately 30 minutes, and then s t a r t s  a more rapid rise. 
(across a 0.5 ohm r e s i s t o r )  follows the  pressure.  
i s  employed t o  in t e r rup t  charge a t  a 50 mV s igna l .  
a r e  measured so  t h a t  the f l a t  portion between 38 and 64 minutes should be 
read: 

The c e l l  pressure i s  low f o r  approxi- 
The Adhydrode s igna l  

No readings above 50 mV 
A meter r e l ay  c i r c u i t  

Adhydrode Signal 2 50 mV. 

The c e l l  i s  on open c i r c u i t  from 38 minutes i n  "sunlight" u n t i l  the  
"dark s ide" i s  reached a t  59 minutes. 
the  discharge along with pressure,  and by t h e  end of t he  discharge,  the  
cycle  i s  ready t o  repeat  i t s e l f  again. It is  i n t e r e s t i n g  t o  note  t h a t  
t h i s  c e l l  remains i n  vacuum during the cycle.  

The Adhydrode s igna l  decays during 

Discussion 

The data  a l ready ind ica t e  a value f o r  the  Adhydrode f o r  high r a t e  
charging. The Adhydrode may be used i n  an a c t i v e  mode or  i n  a passive 
mode. The passive mode, u n t i l  recent ly ,  has been r e s t r i c t e d  t o  commercial 
c e l l s  of the  button type. VO-.250 A button c e l l s  a r e  i n  production. These 
c e l l s  are  capable of being charged and continuously overcharged a t  t he  C/4 
ra te .  Recently, a space t pe was special ly  designed t o  be subjected t o  a 
C / 1  r a te  overcharge a t  -10 C f o r  10 days. 
Adhydrode t o  reduce oxygen a t  even t h i s  temperature permitted such a c e l l  
t o  be fabr ica ted .  

z The a b i l i t y  of the  passive 

The Adhydrode i s  r e s t r i c t e d  t o  systems t h a t  have a cadmium electrode.  
This requirement comes about because of the  necessary po ten t i a l s  which l i e  
between -0.6 and -1.0 v o l t  ("E) i n  a s t rongly bas ic  so lu t ion .  This, i t  i s  
use fu l  i n  the  nickel-cadmium and silver-cadmium systems. Application i n  
the  silver-cadmium system i s  more complicated than i n  the nickel-cadmium 
c e l l  because of t he  g rea t e r  changes i n  e l e c t r o l y t e  l eve l .  A d i r e c t  incor- 
pora t ion  of the  Adhydrode i n  silver-cadmium c e l l s  a l ready designed, i s  not 
p r a c t i c a l .  New silver-cadmium c e l l s  must be designed with the  proper con- 
f i g u r a t i o n  f o r  use with the  Adhydrode. 

c 

I f  the  Adhydrode load r e s i s t o r  i s  too g r e a t ,  then a c e l l  might not  be 
ready t o  accept charge when the "bird" goes i n t o  "sunlight". 
enhance t h i s  i s  simply t o  reduce the  value of t h e  r e s i s t o r .  
t o  enhance recombination i s  t o  build a c e l l  containing both the  a c t i v e  and 
pass ive  Adhydrodes. 

One way t o  
A second way 

Such c e l l s  a r e  under construct ion a t  t h i s  time. 

B e s t  r e s u l t s  i n  t h i s  laboratory have been obtained using Adhydrode 
load r e s i s t o r s  of 0.5 t o  5 ohms. When the  s igna l  i s  obtained, charge i s  
completely in te r rupted .  
ra te  i s  merely reduced t o  the  C/10 ra te  a f t e r  the  s igna l  i s  obtained. 

Tests  have not  been s a t i s f a c t o r y  when the  charge 

4-5 



PIC-BAT 20919 

The Adhydrode concept i s  s t i l l  r e l a t i v e l y  new. Testing has  not  y e t  been 
extensive.  Because of the  var ious modes of use ,  such as (1) se l ec t ion  of 
t he  load resistor,  (2) determining the s igna l  t o  use as cu t -of f ,  (3) use 
of t r i c k l e  charge versus pulse  charging, ( 4 )  temperature e f f e c t s ,  (53 and 
hybrid electrodes,  l i f e  cycling da ta  has not y e t  been obtained. The fu tu re  
does hold prospects of increased cycle  l i f e  and increased r e l i a b i l i t y  of 
c e l l s  containing Adhydrodes. 

There i s  evidence (see Figure 11) t h a t  c e l l s  can memorize even a t  
high charge ra tes .  Overdischargeabili ty of c e l l s  i s  des i r ab le  t o  pro tec t  
aga ins t  possible  c e l l  reversal. 
employing readi ly  obtainable  diodes and a judicious proportioning of e lec-  
t rodes has been developed. This overdischarge pro tec t ion  system i s  com- 
p a t i b l e  with both a c t i v e  and passive Adhydrodes. 

A p r a c t i c a l  r eve r sa l  p ro tec t ion  system 

The Adhydrode i s  inexpensive enough t o  warrant commercial exp lo i t a t ion  
as w e l l  as f o r  aerospace and a i r c r a f t .  
products w i l l  not have the  sophis t ica ted  control  equipment, i t  appears t h a t  
passive Adhydrodes w i l l  become more important. 

Since most consumers of cordless  

x 

4-6 



PIC-BAT 209/9 

NEG. 

AOHYDRODE 
TERMINAL \ 

TERMIN POS. TERM\NAL 

AT TACH M E t\lP 

ADHYDRODE 
PLATE 

FIG 1 VO-6HSAD HERMETICALLY SEALED 
NICKEL CADMIUM CELL f i e  *SPACE 
USE EMPLOYING THE ADHYDRODE 
MATERIAL AS A CONTROL ELECTRODE. 

SUPPLIED TO THE NRTIONAL AERONAUT\GS 
AND SPACE - ADMIhlKl33ATION 

4-7 



PIC-BAT 209/9 

3y5-D ELECTRODE 

FI G.--2 

-+ 
c 

I 

J 

--1 

MODEL FR THIRD ELECTRODE 

4-a 



PIC-BAT 209/9 

4-9 



PIC-RAT 209/9 

I 

I I 

I 
I 

J 

'4 - 10 

. 



PIC-BAT 209/9 

W" 

N a 
E "i -4 % 

t \ 

w 
0 
PG 
n 

E 
3 

m 

4-11 



PIC-BAT 209/9 



Lo 
0 

z 
TT: 
0 

PIC-BAT 20919 

\ < 
1 I I 1 

0 0 0 0 0 0 

V I S d  - 3tll7SS3tJd 

4-13 

8 

8 L 

CY 

0 



0 
N 

-. I I I I O8 c 
PIC-BAT 209/9 

L 

O @  

WlSd - 38nSS3tJd 

O m  
0 -Ll=J 
- t -  

3 
z 
L 

I 

O 
d- 

o 
6J 

0 



PIC-EAT 20919 

p: 
3 
0 

(9 

c3 w 

0 
E 
M 

.L 

m 
aJ 
.rl 
h 
U 
m 
3 a 
E 
H 

a 
aJ 
k 
aJ aJ 
E 
.rl 
M 
E 
Lil 

4-15 



PIC-RAT 209/9 

k 
O O  
rl 
rl \ 

. 
0 
rl 

4-16 



. 



A TECHNIQUE FOR OBTAINING REFERENCE POTENTIALS 

I N  SEALED NICKEL-CADMIUM BUTTON CELLS 

by 

W. H. Dyson 

The E lec t r i c  Storage Battery Company 

The Carl F. Norberg Research Center 

Yardley, Pennsylvania 

September 1965 

PIC-BAT 209/9 
Section 5 



PIC-BAT 209/9 

A TECHNIQUE FOR OBTAINING E3FEWNCE POTENTIALS I N  SEALFD 
NICKEL-CADMIUM BUTTON CELLS 

W .  H. Dyson 
The E l e c t r i c  Storage Battery Company 
The Carl F. Norberg Research Center 

Yardley, Pennsylvania 

A t  t he  present time, The E lec t r i c  Storage Bat tery Company i s  inves t iga t ing  
the  use of gas recombination techniques f o r  overdischarge pro tec t ion  i n  nickel-  
cadmium but ton c e l l s .  
s t ab le  reference electrode must be introduced i n t o  t h e  c e l l .  

In  order t o  obtain necessary single electrode da ta  a 

The reference electrode chosen was amalgamated gold, which w a s  anodized 
after i n s t a l l a t i o n  t o  produce a H g / H g O  reference electrode.  Because of t he  
s m a l l  s i z e  and l imi ted  capaci ty  of these electrodes,  a l l  p o t e n t i a l  measure- 
ments were made using Keithley 610~ electrometers having an input res i s tance  
of 1014 ohms. The voltage of these electrodes w a s  found t o  d i f fe r  somewhat 
from t h a t  of H g / H g O  electrodes produced by more conventional means. 

The difference between the  anodized amalgam and a paste-type H g / H g O  
e lec t rode  w a s  of t he  order of several  m i l l i v o l t s  and var ied  depending on the  
degree of amalgamation and age of the amalgamated gold electrode.  For example, 
a f r e s h l y  amalgamated electrode having a high degree of amalgamation (Hg content 
> 90%) had, after anodization t o  the point  of oxygen evolution, an equilibrium 
vol tage of -.002 v o l t s  versus a paste e lectrode.  
another e lectrode having 1.4% amalgamation which w a s  anodized t o  oxygen evolu- 
t i o n  a f t e r  two weeks' storage a t  room temperature showed an equilibrium voltage of 
+.O5O v o l t s  versus a paste  electrode. The differences between electrodes of 
any one treatment were of the order of m i l l i v o l t s .  This could be to l e ra t ed ,  
p a r t i c u l a r l y  i n  view of the  convenience and ease of f ab r i ca t ion  of t h e  amalgam 
e lec t rode .  These var ia t ions  are  at present t he  subject  of study by t h i s  
laboratory.  

A t  t he  opposite extreme, 

I n  order t o  obtain v a l i d  data,  it w a s  necessary that the  reference be 
i n s t a l l e d  i n  such a way t h a t :  
unal tered,  (b )  t h e  c e l l  could be sealed using the  same tool ing  used t o  seal the  
commercial prototype c e l l ,  and ( c )  the thermal and e l e c t r i c a l  p roper t ies  of the  
c e l l  remained e s s e n t i a l l y  unaltered. 

(a) the geometry of t he  c e l l  remained e s s e n t i a l l y  

The c e l l s  a r e  sealed by crimping the  top  edge of the cathode can around 
the  r i m  of the  anode cap, a nylon grommet ac t ing  as s e a l  and in su la to r ,  A l l  
at tempts t o  introduce the  reference electrode through t h e  insu la t ing  grommet 
were unsuccessful,  f o r  one or both o f  t w o  reasons, i . e . :  

1. the  addi t ion  of t h e  reference electrode l ead  and an in su la to r  t o  
s e a l  r e su l t ed  i n  poor sea ls ,  s ince the  tolerances of the  closing 
do not permit addi t iona l  material .  

t he  
d ie  

5 -1 



PIC-BAT 209/9 

2. t he  reference lead  w a s  cut  o r  i t s e l f  cu t  the  insu la t ion ,  a r e s u l t  of 
the force needed t o  crimp the c e l l .  

The only way the reference w a s  successful ly  i n s t a l l e d  was t o  have it 
e n t i r e l y  i n  the  c e l l  can a t  the time the  c e l l  i s  c l s e d ;  contact  w a s  made with 
the  reference a f t e r  closure 

The method of doing t h i s  i s  as follows: 

1.. The c e l l  container  used i s  one s i z e  l a r g e r  than  the  c e l l  under study 
i . e . ,  f o r  s tud ies  of t he  1.50 MAH c e l l  t he  container  f o r  the  225 MAE c e l l  was 
used. The increased volume i s  obtained by increasing the  depth of the  can; 
a l l  o ther  dimensions remain the same. This i s  of importalnce i n  re ta in ing  the  
same c e l l  geometry. 

2* The reference e lec t rode ,  which i s  a s t r i p  of amalgamated gold f o i l ,  
i s  bent i n t o  an "L". The base of the  "L" i s  placed a top  an in su la to r  which 
has been tamped i n t o  the  bottom of the  c e l l  can. The v e r t i c a l  of t he  "L" i s  
c lose  t o ,  but  insulated from, the  w a l l  of t he  c e l l  can. The base of the  "L" 
and the  in su la to r  a r e  then encased i n  a l a y e r  of epoxy res in .  The epoxy a c t s  
as (1) a sea lan t ,  ( 2 )  an in su la to r  f o r  the  reference,  and (3 )  a " f a l se  f l o o r "  
which reduces the volume of the  can t o  t h a t  of the c e l l  under study. 

3. A s m a l l  hole i s  d r i l l e d  through the  bottom of the  can, through the  
epoxy and insu la tor ,  t o  the  amalgamated gold. A po r t ion  of the  surface of 
the  am:ilgamated gold i s  scraped clean; then,  a s m a l l  drop of rcercury i s  put  
i n  contact  with the amalgamated gold f o r  l a t e r  contact  purposes. The small 
hole i s  f i l l e d  with epoxy and the  bottom of the  can i s  smoothed with crocus 
c lo th .  

4. The c e l l  p a r t s  a r e  assembled i n t o  the  can as they would be i n  the  
corresponding commercial c e l l .  The only addi t ions  t o  the  p a r t s  are (1) the  
reference electrode,  and (2) i n su la to r s  f o r  the reference e lec t rode .  Those 
c e l l  p a r t s  which would normally be i n  colntact wi th  a t a b  a re  brought through 
the  in su la t ing  layer  from the  can bottom, E lec t ro ly t e  i s  added arid the  c e l l  
i s  closed ir, the appropriate  c1osiv.g d ie .  

5. After the c e l l  i s  closed, a second hole i s  d r i l l e d  througk the  epoxy 
This hole permits a contact  w i r e  plug i r l  the  f i r s t  hole mentioned i n  s t e p  3 .  

t o  be in se r t ed  in to  the mercury drop previously put i n  contact  wi th  the  gold 
f o i l .  The contact wire i s  then sea led  ir! place wi th  a drqp 9f epoxy. 

This technique s a t i s f i e s  the  requirements l a i d  dom- f o r  t h e  reference 
i n s t a l l a t i o n  as follows: 
reference electr2de ard i t s  in su la to r s ,  the  interr ia l  geometry of t h e  c e l l  i s  
unal tered;  (b  1 The cell i s  closed by comm--rcial c e l l  c los ing  t o o l i x ;  t he  
s e a l  i s  undisturbed 'cy a?$ added mater ia l ;  and ( e >  The thermal p rope r t i e s  of 
t he  c e l l  remair; subs t ae t i a l ly  unal tered,  t he  major change i s  t h a t  t he  heat  
which i s  ord inar i ly  t r ans fe r r ed  d i r e c t l y  t o  the  c e l l  bottom f o r  subsequent 
r ad ia t ion  or  comductio-. from the  c + l l  must, now be tyarisferred by the contact  
t a b  t o  the  c e l l  bottom, This i n d i r e c t  t r a n s f e r  i s  compensated by t he  mass 
of the sea l ac t  and the  added surface a rea  of t h e  l a r g e r  ca9. 

(a! Except f o r  the small add i t iona l  volume of the  
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Once the  c e l l  has been closed, it remains closed. The subsequent con- 
t a c t i n g  of the  mercury drop, if carefu l ly  done, does not open the  c e l l .  
Figure 1 is  a schematic drawing of the  reference assembly; f o r  c l a r i t y ,  the  
working electrodes a re  not shown. 

Typical da ta  obtained by this method are shown i n  Figure 2. T h i s  
p a r t i c u l a r  discharge-and-reversal occurred during the  fou r th  cycle of a c e l l  
which had the following construction: 

Pos i t ive  electrode : 

Negative electrode : 

Separator:  

E lec t ro ly te  : 

Recombination electrode : 

Posi t ive  precharge : 

Nic ke 1 hydrate - 8 q o  

Graphite -2qo 

Cd( OH& -9% 

Carbonyl nickel  -10% 

Pellon 2505 (2  l aye r s )  

KOH-LiOH 0 . 2 5 ~ ~  

Woven n icke l  mat, a t tached t o  t h e  
pos i t ive  

27% ( i n i t i a l )  

The c e l l  w a s  discharged i n  se r i e s  wi th  2.4 v o l t s  and 120 ohms, a c i r c u i t  
which simulated a three  c e l l  ba t te ry  dr iving a 120 ohm load. 
vol tage l eve l s  a re  marked with the  reactions believed t o  be occurring a t  those 
l e v e l s .  The oxygen recombination mechanism i s  believed t o  be the  so-called 
perhydroxyl mechanism, (1) i.e. ,  perhydroxyl ion formation 

The various 

202 + 21$0 + 4e + 20H- + 2H02-, Eo = 0 . 0 7 6 ~  

followed by perhydroxyl decomposition 

2H02- + 20H- + O2 

The n e t  r eac t ion  i s  

Ref ere nce s 

(1) Baars, E. G . ,  12 th  Annual Power Sources Conference, 1958. 
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Figure 2 

Potentials observed ducing discharge and reversal of a reference-equippcd nickel- 
cadmium button c e l l .  A l l  reference potentials are versus amalgamated gold/l:$). The 
degree of amalgamation was sufficiently high to  insure that the potentiel of the 
reference w d i  within 8 few mill ivolts of a standard reference electrude. 
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